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ABSTRACT
The development o f hypoxia represents one of the most common and ecologically 
detrimental effects of anthropogenic nutrient enrichment in coastal marine ecosystems. Due to 
the physiological importance of oxygen as a key component of metabolic processes, the 
development and persistence o f hypoxia can reduce the distribution of important species, modify 
food webs, decrease diversity and richness, and sub-lethally affect growth and reproductive rates. 
While many recent studies have focused on the global increase in hypoxia and highlighted the 
need for nutrient reduction strategies, some key processes associated with hypoxia remain 
understudied. Of particular importance is the resolution of the major carbon sources fueling 
hypoxia in tributary estuaries, which receive inputs from the upland watershed, internal primary 
production, and advection from the main estuary, which may also be a source o f hypoxic water. 
Development o f well-constrained, intermediate complexity ecosystem models is also needed to 
provide realistic predictions o f the response of hypoxia to nutrient reduction strategies, and to 
understand the interactive effects of these load reductions with ongoing climate change.
The recent implementation of high spatial and temporal resolution water quality sampling 
instruments has confirmed the importance of the spring-neap tidal cycle and its effect on the 
formation and disruption of stratification and hypoxia in the York River estuary (YRE).
However, these results have indicated that the advection o f high-salinity hypoxic water into the 
lower YRE from the Chesapeake Bay (CB) may be as important as internal oxygen consumption. 
Additionally, previous studies have suggested that phytoplankton production in the YRE and 
similar tributary estuaries may be insufficient to explain the magnitude of hypoxia observed.
This study synthesized in-situ measurements and high resolution water quality monitoring with 
an intermediate complexity model to examine the significance of these factors and how they 
interact to cause hypoxia within the YRE. Simulations were used to determine the magnitude of 
nutrient and/or organic matter (OM) reductions required to reduce the extent and severity o f 
hypoxia in the presence of increasing temperatures resulting from climate change.
A comparison o f in-situ and computed oxygen concentrations for the YRE indicated that 
internal respiration was sufficient to drive hypoxia under stratified conditions, without the need 
for advection of hypoxic water from the CB. Phytoplankton production was the major source of 
organic carbon to the YRE and 1.5 times greater than advective inputs from CB, which were 
roughly balanced by exports. Watershed sources and microphytobenthos contributed 
comparatively little carbon to the whole system. Model simulations indicated that lower portions 
of the YRE tributaries are strongly influenced by watershed OM loading during summer, while 
the low mesohaline region is influenced by internal primary production and OM from the 
tributaries. The high meso- and polyhaline regions responded primarily to advected dissolved 
organic carbon from CB. Results indicate that different regions o f the YRE require separate 
management strategies to control hypoxia, with the key issue in the lower estuary being the “far 
field” source of labile OM from outside the system. The model predicted increasing primary 
production under warmer conditions in winter and spring throughout most o f the YRE, but 
decreasing production in summer and fall in the lower estuary. These changes together with 
increasing respiration resulted in increased autotrophy in the upper YRE, while NEM was 
predicted to decrease throughout the rest of the estuary. Warmer temperatures increased both the 
temporal and spatial extent of hypoxia in the model, suggesting the need for additional nutrient 
and OM load reductions in order to achieve the same level o f improvement predicted without 
warming.
1
INTRODUCTION
Eutrophication and Hypoxia in Coastal Marine Ecosystems
Coastal eutrophication, defined here as “an increase in the rate of supply of organic matter 
to an ecosystem” (Nixon 1995, 2009), is one of the leading causes o f water quality impairment 
around the world (Nixon 1995; Selman 2007; Diaz and Rosenberg 2008). Although both 
external nutrient inputs and internal nutrient recycling can increase the amount of organic matter 
production within coastal marine systems, the principle factor contributing to eutrophication in 
these systems today is excess anthropogenic nutrients entering from the surrounding watersheds 
(Nixon 1995, 2009; Diaz and Rosenberg 2008). Anthropogenic nitrogen and phosphorous 
enrichment has been linked to a number o f degradative effects in marine ecosystems including an 
increase in phytoplankton (including toxic and harmful species) and macroalgae blooms, changes 
to benthic community structure, loss of submerged aquatic vegetation, hypoxia (< 2.0 mg O2 L'
'), and in some cases severe and prolonged anoxia (< 0.2 O2 mg L '1) (Rabalais 2002; Kemp et al. 
2005; Diaz and Rosenberg 2008). Of these deleterious effects it has been suggested that hypoxia 
and anoxia represent the most serious threats from eutrophication (Diaz and Rosenberg 1995, 
2008).
The susceptibility o f coastal marine ecosystems to hypoxia (and anoxia) is controlled by a 
combination of environmental factors that interact with the physical and biological 
characteristics of each particular system; these drivers include meteorological cycles, residence 
time, wind stress, currents, riverine input, water temperature, density stratification, the input of 
anthropogenic nutrients and organic matter, and the biogeochemical processing of organic matter 
(Kemp et al. 1992; Diaz 2001; Boesch et al. 2002; Buzzelli 2002). Although a combination of 
these factors must align to cause bottom water hypoxia, generally prolonged density stratification
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and warm summer water temperatures are necessary for the formation of hypoxia (Stanley and 
Nixon 1992; Buzzelli 2002; Bergondo et al. 2005).
Due to the physiological importance of oxygen as a key element in metabolic processes of 
most marine organisms, the development and persistence o f low oxygen zones in marine habitats 
can detrimentally impact both benthic and pelagic communities (Diaz and Rosenberg 1995; 
Breitburg et al. 2009), although some resistant and mobile species may benefit initially from 
hypoxia due to quick individual recruitment rates (Rosenberg et al. 2002; Lim et al. 2006) or 
short-term increases in exploitation rates o f prey species (Pihl et al. 1992). The ecological 
impact that hypoxia and anoxia has on a coastal ecosystem is directly related to the duration, 
severity, and historical occurrence of low oxygen periods (Diaz and Rosenburg 1995, 2008).
The duration and spatial scale of hypoxia can range from short-term diel and localized events 
that last a few hours, typically causing hypoxia-resistant species to rely on behavioral adaptations 
(Diaz and Rosenburg 1995) while less resistant mobile species frequently migrate away (Tyler 
and Target 2007), up to large scale seasonal dead zones that result in catastrophic losses of all 
aerobic benthic organisms (Hagy et al. 2004). During periods of severe anoxia, the absence or 
significant reduction in available oxygen also alters the rate o f coupled nitrification- 
denitrification and enhances the release of iron-bound phosphorous from the sediment into the 
overlying water (Kemp et al 1990; Cowan and Boynton 1996; Hagy et al. 2004). The resulting 
efflux of ammonium and phosphate from the sediments creates a positive feedback that prolongs 
or intensifies hypoxia by increasing surface water production when water column stratification 
breaks down or when bottom water is transported laterally into shallower regions (Gavis and 
Grant 1986; Kemp et al 1990; Cloem 2001).
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Hypoxia in Chesapeake Bay and its Tributaries
Eutrophication and hypoxia within the Chesapeake Bay and its tributaries have been 
intensely studied with large-scale monitoring programs and smaller-scale high intensity sampling 
over the past 25 years following the noticeable decline in water quality, increase in deep water 
hypoxia and loss o f sub-aquatic vegetation between the 1950’s and 1980’s (Cooper and Brush 
1991; Cooper and Brush 1993; D’Elia et al. 2003; Kemp et al. 2005). The seasonal development 
of anoxia within the mainstem of the Chesapeake Bay has been linked to the input o f fresh water 
(primarily from the Susquehanna and Potomac Rivers) and associated influx o f organic matter 
and nutrients during high flow periods (winter and spring), the production and subsequent 
deposition of organic matter during the spring phytoplankton bloom, and density driven water 
column stratification (Taft et al. 1980; Officer et al. 1984; Seliger et al. 1985; de Jonge et al.
1995; Cloem 2001; Hagy et al. 2004; Kemp et al. 2005). The deposited autochthonus and 
allochthonus organic matter fuels the formation of seasonally persistent summertime anoxia in 
the bottom water as it is respired by bacteria under warm temperatures (Malone et al. 1986;
Kemp et al. 1992; Paerl et al. 1998; Mohlenberg 1999; Rabalais et al. 2007).
In an effort to improve the water quality within the Chesapeake Bay and its tributaries, the 
U.S. Environmental Protection Agency (EPA) developed the Ambient Water Quality Criteria for 
Dissolved Oxygen, Water Clarity, and Chlorophyll-a in 2003 under requirements by the Clean 
Water Act and the Chesapeake 2000 agreement (U.S. EPA 2000, 2003). Due primarily to 
sampling limitations, the existing Bay monitoring program has been shown to be insufficient to 
cover all of the outlined EPA criteria components, and instead the Chesapeake Bay Program has 
focused on assessing only the 30 day mean dissolved oxygen (DO) criteria and in some cases 
instantaneous minimum dissolved oxygen criteria (U.S. EPA 2007). Although this strategy can
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sufficiently track the temporal fluctuations in DO in the mainstem and northern tributaries, it 
may prove inadequate to assess the degree of hypoxia in systems characterized by periodic 
hypoxia, in which hypoxic events typically a few days to a week in duration alternate with 
periods o f normoxia.
While the conceptual model of hypoxia formation in the mainstem Chesapeake is 
appropriate for a number of systems worldwide, it does not apply as well to the conditions that 
are present within many of the Bay’s shallower tributaries, which are influenced by multiple 
sources o f labile organic matter and advection of high nutrient -  low oxygen water from the 
mainstem, along with variable physical mixing processes, both tidal and wind driven (Haas 
1977; Kuo and Nielson 1987; Sharpies et al. 1994; Fisher et al. 2006; Boynton et al. 2008; Testa 
et al. 2008). These drowned river valley systems are characterized by a narrow but deep 
centralized channel that is flanked by broad, shallow photic shoals, which support a highly 
productive community of microphytobenthos (MPB) (Rizzo and Wetzel 1985). Of the three 
major tributaries in the Virginia portion of the Chesapeake Bay, the James River represents the 
most hypoxia resistant system because of its shallow river basin, large fetch, and strong tidal 
mixing due to its proximity to the mouth of the Bay (Kuo and Neilson 1987; Kuo et al. 1991). 
The Rappahannock River displays the strongest seasonal stratification and most widespread 
hypoxia, which has been linked to the poor quality o f water entering the system from the 
mainstem and relatively weaker tidal mixing compared to the other two Virginia tributaries (Kuo 
and Neilson 1987). The York River estuary (YRE) is in a physical state between the James and 
Rappahannock Rivers, and oscillates between stratified and well-mixed conditions due to the 
variation in physical mixing energy associated with the spring-neap tidal cycle (Haas 1977; 
Hayward et al. 1982; Kuo and Neilson 1987; Diaz et al. 1992). This cyclical physical forcing
creates the potential for continued formation and disruption o f bottom water hypoxia from June 
to early September within the lower half o f the river. Additionally, these destratification events 
also have the potential to resupply nutrients to the surface water, dynamically affecting 
phytoplankton production throughout the summer and early fall (D’Elia et al. 1981; Haas et al. 
1981). While past studies in the YRE have highlighted the interaction between the spring-neap 
cycle and the development of hypoxia, we still lack an understanding of how the full suite o f 
physical and biological processes interact to result in hypoxia within the system.
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Carbon Sources Fueling Hypoxia
Another as yet unanswered issue surrounding hypoxia in the Chesapeake and particularly 
its tributaries has to do with the source of organic matter fueling hypoxia. Previous 
measurements of particulate organic carbon (POC) sedimentation as well as modeling studies 
conducted in the Chesapeake and its tributaries have shown that the overlying phytoplankton 
production occurring above the central channels may not be sufficient to support the vertical flux 
of POC out o f the euphotic zone (Malone et al.1986, Testa and Kemp 2008). Malone et al.
(1986) attributed this additional carbon source to phytoplankton production occurring over the 
lateral shoals. Additionally, box model calculations conducted by Testa and Kemp (2008) in the 
Patuxent River indicated that the export of POC from the surface water was insufficient during 
parts of the year to support bottom-layer net oxygen uptake. In their discussion, the authors 
attribute this additional source of POC to more labile, locally produced organic carbon that is 
vertically and laterally transported to the bottom waters o f the estuary rather than the influx of 
older and less labile organic matter from the Chesapeake Bay mainstem (Testa and Kemp 2008).
It is apparent that additional carbon sources beyond phytoplankton in the main channel may 
be fueling hypoxia within the tributary estuaries of Chesapeake Bay. Although it is well known 
that summer phytoplankton blooms can contribute to annual production within estuarine systems 
(Malone et al. 1988; Pinckney et al. 1998), it is unlikely that these smaller phytoplankton blooms 
are playing a dominant role in the formation of hypoxia in the YRE due to their historically low 
chlorophyll-a concentrations, relatively small biomass, and dominance by smaller phytoplankton 
species, primarily dinoflagellates. One potential source of additional organic matter that may 
prove to be an important factor driving oxygen consumption within the polyhaline region of the 
YRE may be advection of mainstem subpycnocline water entering via estuarine circulation. In
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an analysis o f chlorophyll-a concentrations in the Chesapeake over the past 50 years, Harding 
and Perry (1997) found that the lower polyhaline mainstem has exhibited the largest increase in 
chlorophyll-a within the bay, with a 5 -  10 fold increase from 1950 to 1994. It is likely that this
■j ■}
increase in phytoplankton biomass, which deposits an average of 277 mg chl-a m' (20.8 g C m ' ,  
C:Chl-a) ratio of 75) in the lower bay (Hagy et al. 2005), has directly increased biological 
oxygen demand (BOD) within the polyhaline mainstem. Although the shallow depths, large 
fetch, and strong tidal and wind mixing in the lower Bay prevent it from becoming hypoxic 
throughout the summer, it is likely that when this water mass is transported into more stratified 
regions, like the deeper channels o f the lower estuary (Kuo et al. 1993), the oxygen consumption 
rate can increase beyond the vertical oxygen diffusion rate.
Another source of organic material entering the YRE is from the surrounding watershed 
primarily delivered by the Mattaponi and Pamunkey Rivers. Although terrestrially-derived 
organic matter can account for a large quantity o f carbon at the head of the estuary, it has been 
shown that these sources of fixed carbon are not as dominant nor readily utilized as 
phytoplankton sources within the higher mesohaline and polyhaline regions of the river 
(McCallister et al. 2006a). This is likely due to several important biological and physical factors 
including high initial removal rates at the head of the estuary due in part to flocculation and 
removal to the sediments, rapid rates o f microbial degradation, and the long freshwater residence 
time of the estuary (Shen and Haas 2004; McCallister et al. 2006b; Countway et al. 2007).
A final likely source of organic matter fueling bottom water hypoxia is the highly 
productive MPB community present throughout the shallow shoal regions o f the YRE (< 2 m), 
which comprise approximately 40 % o f the system by area (Rizzo and Wetzel 1985). The 
micrcophytobenthic community in the YRE varies little spatially regardless o f habitat or
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substrate type within the mesohaline and polyhaline regions o f the river or seasonally from late 
spring to early fall (Rizzo and Wetzel 1985; Lake and Brush unpublished data). MPB is a viable 
primary producer throughout the year (Pinckney and Zingmark 1993; Reay et al. 1995; Buzzelli 
1998), producing an estimated 128.6 (+/- 65.108) g C m'2 or 1.7 x 107kg C annually (Rizzo and 
Wetzel 1985). Extracellular release of organic material (in the form of POC, dissolved organic 
carbon (DOC), and colloidal organic carbon) relative to total primary production by MPB is also 
high compared to phytoplankton (Goto et al. 1999), and has been identified as a possible source 
of missing carbon driving deep water microbial respiration in other systems (Graf et al. 1982). A 
study conducted by de Jonge and van Beusekom (1995) showed that wind speeds at low as 1-2 m 
s'1 (2.2 -  4.5 mph) are capable of suspending MPB and sediment within the shallow regions of 
the Ems estuary. Furthermore, their results showed that over 50% of MPB biomass occurring 
within the top 0.5 cm of sediment was transported to the main channel when wind speeds 
reached 12 m s '1 (26 mph) and 14 -  25% of total benthic diatom biomass was suspended at 
average wind speeds (4.5 -  6.5 m s'1, 1 0 - 1 5  mph) (de Jonge and van Beusekom 1995). While 
the initial availability of this organic material is most likely limited to the surrounding shallow 
regions, it is likely that high energy periods resulting in a repeated cycle of particle suspension 
and subsequent re-settling, eventually transports this organic matter both down the estuary and 
laterally into the channel where it would be subject to microbial degradation.
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Hypoxia Simulation Models
Numerical simulation models have been applied to a number of coastal marine systems 
over the past 40 years to study how these important marine ecosystems function and to provide 
critical insight into key ecological processes (Kremer and Nixon 1978; Boesch et al 2001; Brush 
2004). More recently, there has been an increasing effort to design models to inform 
environmental management related primarily to anthropogenic eutrophication and the associated 
response of the ecosystem (Brush and Harris 2010). The complexity of these ecosystem models 
range from simple empirical relationships to highly specialized 3-dimensional hydrodynamic- 
eutrophication models (Giblin and Vallino 2003). Traditional water quality eutrophication 
models in the Chesapeake Bay have focused on complex 3D models containing nearly 13,000 
grid cells and up to 17 depth layers (CBP 2001). Frequently many of the complex ecosystem 
models have been further adapted to contain sediment transport, larval distribution, atmospheric 
(airshed), watershed, land-use, and tributary sub-models in an attempt to increase their utility and 
predictability. Although this increase in parameterization is often implemented in an effort to 
increase model accuracy, a number of recent studies have highlighted a correlation between 
model complexity and error propagation (Reckhow 1999). Due to these inherent difficulties, 
many recent researchers have begun advocating for the use o f intermediate complexity models 
for management and policy applications, instead of highly complex ecosystem models (Pace 
2001; Duarte et al. 2003).
Large scale monitoring programs and ecosystem models have been utilized to study the 
ecological effects of eutrophication in a number US estuaries including the Neuse River, 
Chesapeake Bay, Long Island Sound, and Narragansett Bay. Some of these systems are 
currently facing a new phase shift that represents a transition from eutrophication towards
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oligotrophication (Kemp et al. 2009; Nixon 2009). Oligotrophication or “the reduction in the 
supply of organic matter to an ecosystem” (Nixon 2009) has been typically linked to a reduction 
in point source nutrient and terrestrial organic matter loading. Although documentation of 
oligotrophication is more common for freshwater lakes and rivers (Jeppesen et al. 2005), there 
are a few temperate coastal marine systems that have shown modest improvements including the 
Black Sea, the Hudson and East Rivers, and Tampa Bay in the United States, and the Thames 
River in England (Greening and Janicki 2006; Diaz and Rosenberg 2008). Additionally, a 
number of other systems have shown smaller improvements in water quality including the 
Patuxent River, MD (Testa et al. 2008) and New River Estuary, NC (Mallin et al. 2005). 
However, these studies have also indicated that other regional watershed improvements are 
necessary in order to facilitate further improvements in local water quality.
Models have proven to be an important synthesis tool for understanding the strategies 
necessary to facilitate these water quality improvements, and also for identifying gaps in our 
current understanding of these dynamic systems. Currently, many o f these models are being 
used to assess potential mitigation strategies, to offset eutrophication mainly through nutrient 
load reductions. Their role in systems ecology will continue to be influential as we begin to 
focus more on the response of coastal systems to oligotrophication and climate change. One of 
their many assets is the ability to tease out the interactions o f multiple stressors that are often 
difficult or impossible to resolve with other experimental techniques, since ecosystem 
trajectories will depend on watershed management practices acting in concert with ongoing 
climate change.
12
OBJECTIVES
Given the increasing prevalence and importance of hypoxia in coastal systems, unanswered 
questions regarding the significance of various organic matter sources and formation of hypoxia 
in Chesapeake tributaries (particularly the YRE), and the increasing need for well-calibrated 
ecosystem models to predict system response to changing nutrient loads in concert with climate 
change, the following objectives were developed to guide this dissertation research. Chapter 1 
has been submitted to Marine Ecology Progress Series, reviews have been received, and re­
submission is pending. Chapter 4 has been published in Estuarine, Coastal and Shelf Science 
(2011, 95:289-297). Chapters 2 and 3 have been written for journal publication and submission 
is planned in 2013.
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Chapter 1
Previous studies in the YRE have highlighted the interaction between the spring-neap cycle 
and the occurrence of low oxygen bottom water, however we still lack an understanding of how 
the full suite o f biological processes and sources of organic carbon interact with physical 
stratification in the system. To establish a better understanding of the biological and physical 
factors controlling organic matter production and subsequent development o f hypoxia in the 
YRE, a multi-faceted sampling program was undertaken in the YRE during the summers o f 2007 
and 2008. A series o f high-resolution two- and three-dimensional surveys o f water quality were 
performed using an Acrobat™ (Sea Sciences, Inc.) towed undulating platform to document the 
conditions that lead to the formation and disruption of bottom water hypoxia within the YRE. 
Additionally, weekly discrete sampling and metabolic incubations were conducted to assess the 
effect of the spring-neap cycle on surface water column nutrient concentrations, chlorophyll-a 
concentrations, and surface and bottom water metabolic rates. Monthly metabolic incubations 
were conducted to quantify production, respiration, and microphytobenthic biomass in shallow 
sediments, and respiration in deep channel sediments.
Objective 1: Synthesize data collectedfrom in-situ measurements, metabolic incubations, and 
high-resolution water quality monitoring into spatially-explicit, temporally-integrated mass 
balances o f carbon and oxygen to examine the significance of multiple organic matter sources 
and oxygen sinks in relation to hypoxia in the estuary.
14
Chapter 2
The YRE presents a unique case where physical stratification and destratification, 
controlled by the spring-neap tidal cycle, combines with a multitude of other potential physical 
and biological processes that lead to bottom water hypoxia (respiration of phytoplankton-, MPB-, 
and watershed-derived carbon as well as advection of hypoxic water and organic carbon from the 
lower bay). However, the individual significance of each o f these processes and their collective 
effect on the system is still largely unknown. This study combined data collected from in-situ 
measurements and metabolic incubations with long-term water quality and meteorological 
monitoring data into an intermediate complexity eutrophication model. All organic matter 
sources were isolated to evaluate the individual importance of each source and its contribution to 
bottom water hypoxia. Additionally, the effectiveness of a range o f potential nutrient and 
organic matter load reductions were tested to determine what actions are necessary to mitigate 
current water quality concerns.
Objective 2: Utilize an intermediate-complexity model to determine the potential carbon 
sources and cycles that contribute to the formation o f  bottom water hypoxia, and assess the 
potential fo r nutrient and carbon load reductions to mitigate hypoxia.
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Chapter 3
The climate-induced warming of coastal marine ecosystems has the potential to complicate 
ongoing efforts to mitigate hypoxia, which focus primarily on nutrient load reductions.
Increasing water temperatures will directly affect a number o f ecosystem processes including: 
primary production by phytoplankton and MPB, respiration in the water column and sediments, 
and remineralization and cycling rates of nutrients and organic matter. The effect of these future 
changes will be further complicated within shallow tributary estuaries because of increased 
benthic-pelagic coupling along with the advection o f nutrients, labile organic matter, and 
hypoxic water from adjacent coastal marine systems via estuarine circulation. To date, little 
effort has been focused on determining how current watershed management practices and 
associated increases and decreases in nutrient loading will interact with future climate warming. 
This study analyzed past temperature records to examine how Chesapeake Bay surface and 
bottom waters have fluctuated with atmospheric temperatures over time, and used projected 
increases in air temperature in the Chesapeake region to drive an intermediate complexity 
eutrophication model for the YRE. The model was used to quantify potential changes in water 
column primary production, net ecosystem metabolism, and the prevalence of hypoxia within 
this sub-estuary under warmer climate conditions, both with and without concurrent changes in 
nutrient and organic matter loading.
Objective 3: Predict ecosystem response o f the York River Estuary to a warming climate with a 
focus on primary production, ecosystem metabolism, and hypoxia, both with and without 
concurrent changes in nutrient and organic matter loading.
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Chapter 4
In many coastal marine ecosystems, MPB can contribute a significant fraction of total 
system primary production, particularly in shallow lagoons or systems with broad photic shoals. 
While the role o f MPB has been quantified in several shallow systems around the world, their 
contribution to primary production on the extensive shoals that line a number o f deeper estuaries 
has often been overlooked. This study assessed the contribution o f MPB to total primary 
production within four regions of upper Narragansett Bay, RI to quantify the significance of 
benthic production on the extensive shallow shoals that line this relatively deep estuarine system. 
Results have been used to inform development o f a related intermediate complexity ecosystem 
model for Narragansett Bay with a focus on hypoxia, and will enable simulations o f climate 
warming concurrent with nutrient load reductions in this more heavily loaded, northern estuary 
for comparison to results from the YRE.
Objective 4: Evaluate the contribution o f microphytobenthos to total system production in 
upper Narragansett Bay, RI.
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ABSTRACT
The seasonal formation of periodic hypoxia within tributary estuaries, and its relationship 
to the spring-neap tidal cycle, has been well documented in a number of systems along the U.S. 
east coast. However, the importance and scale o f other key physical and biological processes, 
which ultimately control the frequency and spatial extent o f hypoxia, are less well understood. 
This study synthesized in-situ measurements, metabolic incubations, and high-resolution water 
quality monitoring into a spatially-explicit, temporally-integrated mass balance to examine the 
significance of multiple organic matter sources and oxygen sinks in relation to hypoxia in the 
York River estuary (YRE), VA, USA. The results highlight episodic peaks in gross primary 
production (GPP) mostly unrelated to the spring-neap cycle, with phytoplankton accounting for 
the bulk of total GPP within the system. Despite extensive shoals, microphytobenthos 
contributed under 20% of total GPP and typically accounted for less than 10%. While GPP in 
much of the estuary appeared to be relatively balanced with water column and sediment 
respiration, results indicated an area at the boundary of the mesohaline and polyhaline zones that 
was net heterotrophic. Observed rates of respiration were sufficient to drive bottom waters to 
observed levels of hypoxia during transitions from spring to neap tides. Phytoplankton 
production dominated the estimated inputs of organic carbon from the tributaries and 
surrounding watersheds, and was 1.5 times greater than advective inputs from the Chesapeake 
Bay, which were roughly balanced by exports. Results indicate that management efforts to 
alleviate hypoxia in the YRE should focus on reducing internal phytoplankton production, 
although the input of labile organic matter across the mouth o f the estuary with the Chesapeake 
Bay represents an important source that can only be controlled by more regional efforts.
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INTRODUCTION
Hypoxia represents one of the most common and ecologically detrimental outcomes of 
anthropogenic nutrient enrichment in coastal marine ecosystems (Diaz and Rosenberg 1995, 
2008). Hypoxia (defined here as < 2.0 mg 0 2 L '1) and eutrophication within the Chesapeake Bay 
and its tributaries have been intensively studied with large-scale monitoring programs and 
smaller-scale high intensity sampling over the past 25 years in response to declining water 
quality, increasing deep water hypoxia, and loss o f submerged aquatic vegetation between the 
1950’s and 1980’s (Cooper and Brush 1991; Cooper and Brush 1993; D’Elia et al. 2003; Kemp 
et al. 2005). The seasonal development o f anoxia within the mainstem of the Chesapeake Bay 
has been linked to the input of fresh water (primarily from the Susquehanna and Potomac Rivers) 
and associated influx of organic matter and nutrients during high flow periods (winter and 
spring), the production and subsequent deposition of organic matter during the spring 
phytoplankton bloom, and density driven water column stratification (Taft et al. 1980; Officer et 
al. 1984; Seliger et al. 1985; de Jonge and van Beusekom 1995; Cloem 2001; Hagy et al. 2004; 
Kemp et al. 2005). Bacterial respiration of the deposited autochthonous and allochthonous 
organic matter fuels the formation of seasonally persistent summertime anoxia in the bottom 
water under warm summer temperatures (Malone et al. 1986; Kemp et al. 1992; Paerl et al. 1998; 
Mohlenberg 1999; Rabalais et al. 2007).
Although this mainstem conceptual model o f hypoxia formation is appropriate for a 
number of estuarine systems worldwide, it does not apply as well to conditions that are present 
within some of the Chesapeake Bay’s shallower tributaries, which are influenced by multiple 
sources of labile organic matter, advection of high nutrient / low oxygen water from the 
mainstem, and variable physical mixing processes, both tidally and wind driven (Haas 1977; Kuo
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and Nielson 1987; Sharpies et al. 1994; Fisher et al. 2006; Boynton et al. 2008; Testa and Kemp 
2008). Additionally, recent studies have demonstrated the importance of estuarine circulation in 
advection of nutrients and sometimes hypoxic water from the mainstem into these sub-estuaries 
(Jordan et al. 1991; Boynton et al. 2008; Testa et al. 2008) as well as in other coastal marine 
systems (de Jonge 1997; Brush 2004).
The York River estuary (YRE) (Fig. 1) oscillates between stratified and well-mixed 
conditions due to the physical mixing of the spring-neap tidal cycle (Haas 1977; Hayward et al. 
1982; Kuo and Neilson 1987; Diaz et al. 1992). This unique physical mechanism creates the 
potential for continued formation and disruption of bottom water hypoxia from late May to early 
September within the lower half of the estuary. Destratification events have the potential to 
supply regenerated nutrients to the surface water, stimulating phytoplankton production 
throughout the summer and early fall (D’Elia et al. 1981; Haas et al. 1981).
While previous studies in the YRE have highlighted the interaction between the spring- 
neap cycle and the occurrence of low oxygen bottom water, we still lack an understanding of 
how the full suite of biological processes interact with physical stratification in the system 
(Countway et al. 2007). Until now there has not been an attempt to establish a constrained 
carbon budget for the York River, examining the multiple organic matter sources that ultimately 
drive this system to hypoxia. In addition to internal phytoplankton production, and riverine and 
offshore inputs of dissolved (DOC) and particulate (POC) organic carbon, contributions to this 
system from the extensive microphytobenthic community are not well known. An additional 
driver of hypoxia in the YRE could be advection of water with low dissolved oxygen (DO) 
concentrations from the lower Chesapeake Bay mainstem as indicated by high-resolution surveys 
in the lower estuary (Fig. 2 a & b). Although the lower mainstem portion o f the Chesapeake Bay
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is not typically considered as a potential source of low DO water, it was classified as an area of 
low oxygen water in the 1950’s (Officer et al. 1984) and more recently identified as an area o f 
hypoxic water separate from the mesohaline mainstem hypoxic/anoxic zone in 1999 (Hagy et al. 
2004).
To establish a better understanding of the biological and physical factors controlling 
organic matter loading and subsequent development of hypoxia in the YRE, a multi-faceted 
sampling program was undertaken during the summers of 2007 and 2008. A series o f high- 
resolution two- and three-dimensional surveys o f water quality were performed using an 
Acrobat™ (Sea Sciences, Inc.) towed undulating platform as part o f a larger program to 
determine the conditions that lead to the formation and disruption o f bottom water hypoxia 
within the estuary. Discrete sampling and metabolic incubations were conducted to assess the 
effect of the spring-neap cycle on surface water column nutrient concentrations, chlorophyll-a 
concentrations, and surface and bottom water metabolic rates. Measured rates o f oxygen 
consumption were compared to empirical trajectories o f oxygen decline over multiple spring to 
neap tide transitions to assess the potential for internal respiration to account for observed levels 
of hypoxia in the system, or if advection of hypoxic water from the Chesapeake had to be 
invoked to fully account for the observed declines. Finally, data were synthesized into a 
spatially-explicit, temporally-integrated mass balance of carbon to examine the significance of 
multiple organic matter sources in relationship to hypoxia in the estuary.
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METHODS 
Site Description
The YRE is formed by the confluence of the Mattaponi and Pamunkey Rivers near West 
Point, Virginia, approximately 55 km from where the river enters the mainstem o f the 
Chesapeake Bay on its western edge (Shen and Haas 2004) (Fig. 1). The polyhaline segment of 
the river extends from the mouth to Catlett Islands (approximately 19 km), and the mesohaline 
region continues from this point approximately 16 km upstream to the confluence of the 
Mattaponi and Pamunkey Rivers. Although the surrounding watershed has the second highest 
population density of the three larger Virginia tributaries, the overall land use surrounding the 
York River proper is predominantly rural with 62% forested and 16% agricultural land (Dauer et 
al. 2005).
For this study the lower York River was sub-divided into four primary sampling regions 
along its axis (Fig. 1). These regions were designated based on the presence of hypoxia observed 
during 2007 Acrobat™ monitoring cruises and to cover the portion of the river that has 
historically experienced hypoxia based on long term water quality monitoring by the EPA 
Chesapeake Bay Program (CBP). The two upstream mesohaline sites located near Clay Bank 
(CB) and Catlett Islands (Cl) were characterized as having little to no signs of hypoxia, while the 
two downstream polyhaline sites Mumfort Island (MI) and the lower York River (LYR) were 
observed to develop periodic hypoxia during 2007 Acrobat™ monitoring surveys and in 
previous studies (Kuo and Neilson 1987; Kuo et al. 1993).
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Acrobat Monitoring
As part o f a larger water quality monitoring program, the YRE was surveyed during the
T W
summers of 2007 and 2008 using an Acrobat system equipped with a CTD (Falmouth 
Scientific Seabird), SCUFA fluorometer/turbidometer (Turner Designs), and a rapid response 
(300 ms) dissolved oxygen (DO) sensor (AnalysenmeBtechnik GmbH, Rostock, Germany). 
Acrobat™ sensors collected spatially-referenced data four times a second with a horizontal 
resolution of 6 - 8  m and a vertical resolution of 5-10 cm, for a total of 40,000-50,000 data scans 
per survey. Prior to deployment and immediately following each cruise a two-point calibration 
was performed on the DO sensor (0% and 100% saturated water). Additionally, DO grab 
samples were collected at the beginning and end o f each cruise and analyzed (standard Winkler 
titrations) to ensure sensor accuracy (+/- 0.5 mg/L).
Monitoring surveys along a zig-zag path were conducted bimonthly (2007) to monthly 
(2008) to capture the spatial extent of hypoxia in 3-dimensions (Fig. 1). A second straight-line, 
temporally-intensive sampling strategy was used to capture the development, spread, and 
disruption of individual hypoxic events during June and August o f each year. These intensive 
surveys were conducted every 2-3 days for 2.5 weeks through a neap-spring-neap tidal cycle, 
sampling the deepest section of the main channel. For the 2008 sampling season the intensive 
Acrobat™ cruises were extended approximately 15 km into the lower mainstem of the 
Chesapeake Bay to identify possible sources o f hypoxic water that could be advected into the 
YRE.
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Spring-Neap Discrete Surveys
To collect data on additional water quality parameters and to develop metabolic budgets, a 
series o f 13 water quality surveys and metabolic incubations were conducted from June to 
September 2008. Sampling dates were selected with a three day lag behind the apex of spring 
and neap tides in order to sample the river at the peak of mixing and stratification, respectively, 
as indicated by previous studies (Haas 1977; Hass et al. 1981; Hayward et al. 1986) and past 
Acrobat™ surveys.
At each channel site (Fig. 1) a YSI 6600 series V2 sonde was used to measure temperature, 
salinity, chlorophyll-a, and DO at the surface (0.5 m) and at one meter intervals starting at one 
meter below the surface to the bottom of the river. All YSI probes were cleaned and calibrated 
prior to each survey in accordance with YSI, Inc. operating manual methods. Conductivity and 
DO were calibrated using a 0.2 molar standard solution of potassium chloride and 100% air 
saturated water, respectively. Additionally, a 2-point calibration was performed on the optical 
turbidity and chlorophyll-a probes using deionized water and YSI conductivity standard or a 
rhodamine dye standard, respectively. A LiCor LI-1400 was used to measure irradiance through 
the water column at an intermediate site between the channel and nearshore sites for computation 
of vertical attenuation coefficients (ko). Readings were taken just below the surface (<0.1 m) 
and at 1 meter. All YSI and LiCor measurements were obtained in triplicate at each depth.
Surface water samples (0.25 m below surface) were collected at each channel site in 500 
mL amber Nalgene bottles and immediately placed on ice until they were transported to the lab. 
Water column chlorophyll-a (WC chl-a) was determined by filtering 15 or 20 mL (depending on 
concentration) through a Whatman 0.7 pm glass microfiber filter, sealed in aluminum foil, and 
placed in the freezer. Samples were later removed and extracted in the dark for 24 hours in 8  ml
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of 45:45:10 dimethyl sulfoxide: acetone: reagent water with 1% diethylamine (Shoaf and Lium 
1976), and read on a 10 AU Turner Design fluorometer before and after acidification. All WC 
chl-a samples were run in triplicate and processed within one month after the initial sampling 
date. Nutrient samples were filtered through pre-rinsed 0.45 pm Acrodisc filters and frozen until 
analysis for dissolved inorganic nitrogen (NH4+, NO3 ' and NO2'), phosphorus (PO43'), and silica 
(Si) on a Technicon AAII Continuous Flow Autoanalyzer.
At each nearshore site (Fig. 1), three replicate sediment samples were collected by pole 
corer for sediment chlorophyll-a (SED chl-a) analysis at a depth of one meter below mean lower 
water (MLW), taking into account the daily tidal range. Subsamples of the 0-0.3 cm depth 
fraction of each core were transferred into sterile 15 mL BD Falcon polypropylene centrifuge 
tubes, and immediately placed in an ice filled cooler and frozen for a maximum hold time of one 
month. Samples were extracted in 10 mL of a 90% acetone: 10% reagent water (by volume) 
solution, vortexed for 30 seconds on full power, and sonicated for an additional 30 seconds at 4-5 
watts with a Fisher Scientific Dismembranator. After a 24-hour extraction period in the freezer, 
samples were filtered with PALL Life Science HPLC Acrodisc filters (25 mm filter with a 0.45 
pm CR-PTEE) and analyzed speetrophotometrically on a Beckman DU 800 Spectrophotometer 
before and after acidification using the equations o f Lorenzen (1967) to correct chlorophyll-a 
values for phaeophytin.
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Metabolic Incubations
Surface water, bottom water, and deep channel sediment cores were collected on each 
survey at each channel site, and shallow water sediment cores were collected monthly at each 
nearshore site to develop production-irradiance (P-I) curves and compute metabolic rates.
Surface water samples were collected in blackened 2 liter Nalgene bottles at a depth of 
approximately 0.5 m. Bottom water samples (1 meter above the sediment surface) were 
collected using a Niskin bottle and immediately transferred into blackened 4 liter Nalgene 
bottles. Deep channel sediment cores (n=4) were collected during each survey using a box corer, 
sub-sampled with clear acrylic tubing (height 15 cm: i.d. 4.1 cm) and immediately placed on ice. 
Nearshore sediment cores (n=13) were collected at 1 meter below mean low water (MLW) in 
cores of the same size. Sediment height within both the nearshore and deep channel cores was 
approximately 7 cm, with 8  cm of overlying sample water.
Metabolic rates were determined using the methods o f Giordano (2009), Lake and Brush 
(2011), and Giordano et al. (2012). Water samples were incubated immediately upon returning 
to the lab. Initial oxygen measurements for metabolic experiments were determined with a 
HACH HQ 40d oxygen meter with luminescent DO sensors. Ten 60 mL BOD bottles were 
filled with surface water and incubated at ambient temperatures in temperature-controlled, flow­
through light gradient boxes under an increasing gradient of photosynthetically active radiation 
(PAR, -50-1600 pE m ' 2 s '1). Four additional surface water samples and four bottom water 
samples were placed in a corresponding temperature-controlled dark box for determination of 
respiratory rates. Samples were incubated in the light for 1 -2 hours, while dark incubations 
lasted for 15.5 - 27.5 hours, depending on oxygen uptake rates.
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Sediment cores were allowed to acclimate uncapped overnight in gently mixed, filtered 
seawater. Just prior to incubation, the overlying core water was siphoned out o f the nearshore 
cores taking care to not disturb the sediment surface, and replaced with filtered (0.5 pm) site 
water with a known DO concentration. Similarly, deep channel cores were siphoned and 
replaced with unfiltered site water with a known DO concentration. All samples were sealed 
with polyethylene (Saran Wrap™), which has a low oxygen permeability (5.8 x 10‘5 ml cm ' 2 h '1; 
Pemberton et al. 1996) held in place by a tight rubber band. Once sealed the cores were placed 
in light gradient boxes and incubated as described above for approximately 1.5-2 hours in the 
light and 2-3hours in the dark (n=10 for nearshore cores in the light; n=3 for nearshore cores in 
the dark; and n=4 for deep channel cores in the dark).
Net community production (light) and respiration (dark) rates for the water and sediments 
were computed from the change in DO concentrations over the incubation period and normalized 
to chlorophyll-o biomass (0-3 mm for cores). Water column metabolic rates were used to 
develop a series of production-irradiance (P-I) curves using the equation of Platt et al. (1980) in 
Statistical Analysis Systems (SAS®), which takes into account photoinhibition:
PB = PBS (1 -  exp (-aBI / PBS)) x (exp (-pBI / PBS)) -  RB
where net biomass-specific production (PB, mg O2 mg ch f 1 h '1) is dependent on irradiance (I, pE 
m ' 2 s '1) and four statistically determined variables, a term that corresponds to the maximum gross 
photosynthetic rate in the absence of photoinhibition (PBS, mg O2 mg chi' 1 h '1), the initial slope 
of the P-I curve (a B, mg O2 mg chi’ 1 h ' 1 (pE m ’2 s '1) '1), a negative slope characterizing 
photoinhibition (pB, mg O2 mg chi' 1 h ' 1 (pE m ' 2 s '1) '1), and the biomass-specific rate of
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respiration (RB, mg 0 2 mg chi' 1 h*1). Sediment incubations were used to develop a similar series 
of P-I curves using the Jassby and Platt (1976) hyperbolic tangent function:
PB = PBmax tanh (a BI / PBmax) -  RB
where PBmax is the biomass-specific maximum gross photosynthetic rate (mg 0 2 mg chi' 1 h"1).
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Computed Oxygen Trajectories
To assess the role o f internal respiration versus advection of hypoxic water from the 
Chesapeake mainstem in the formation of hypoxia within the YRE, bottom water and deep 
channel sediment respiration rates obtained from the metabolic experiments were combined with 
in-situ measurements of DO from the Acrobat™ surveys to compare observed and computed 
declines in bottom water oxygen concentrations in the mesohaline and polyhaline segments 
during spring to neap tide transitions. Data from five Acrobat™ cruises from spring to post neap 
tidal stage (representing the transition from minimum stratification and highest DO to maximum 
stratification and lowest DO) during June and August of 2007 and 2008 were used to calculate 
the volume-weighted change in sub-pycnocline DO concentrations within each segment o f the 
river using the NOAA Chesapeake Bay and Tidal Water Interpolator
(http://archive.chesapeakebay.net/cims/interpolator.pdf). Pycnocline depths were set at 5 m and 
9 m in the mesohaline and polyhaline regions, respectively, based on Acrobat™ results. Sub- 
pycnocline respiratory oxygen demands were calculated by averaging the rates o f bottom water 
and deep channel sediment respiration from the corresponding sites in the mesohaline (CB & Cl) 
and polyhaline (MI & LYR) segments. These average rates were then linearly interpolated 
between sampling dates and scaled up by volume (water column) and area (sediment) to obtain 
segment-wide rates of daily oxygen consumption. The observed changes in bottom water DO 
concentrations from the Acrobat™ surveys were then compared to concentrations computed 
from the interpolated measurements of respiratory oxygen demand. Measured metabolic rates 
from June and August of 2008 were applied to June and August of 2007, respectively, as 
metabolic incubations were only conducted in 2008. While this calculation assumes that the 
bottom water was completely isolated from mixing with the surface water and that GPP in this
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layer was zero, it provides an estimate o f what DO trajectories would have been if  internal 
respiration was the sole factor governing oxygen concentrations. These estimates, therefore, 
provide a first-order constraint in determining if  internal metabolism alone could drive the 
observed formation of hypoxia below the pycnocline or if  other physical processes like the 
advection of low DO water from the mainstem were required to match the observed DO 
trajectories.
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Carbon Budget
P-I parameters were combined with time series of chlorophyll-a, ko, and incident PAR to 
generate estimates o f daily gross primary production of the water column and benthos (GPPwc 
and GPPb, respectively), daily net community production (NCPwc andNCPe), and daily 
respiration (Rwc and RB) for each region o f the YRE. First, estimated values for PBmax, PBS, « B, 
pB, Rb, and for each station and cruise were linearly interpolated between sampling dates. 
Second, YSI depth profiles o f WC chl-a were binned in 0.5 m intervals from the surface to 5 
meters, since measured attenuation coefficients indicated that photic depths ( 1 % of surface 
irradiance) were less than 5 m at all sites throughout the sampling period. YSI chl-a readings 
were scaled to extracted chl-a by normalizing the YSI values at depth to the surface reading (0.5 
m) and multiplying all values by the extracted surface concentration. SED chl-a biomass was 
also binned in 0.5 m intervals by applying a biomass-depth curve developed from extracted 
samples as part of a larger microphytobenthic (MPB) biomass study along the entire estuary 
(authors’ unpublished data). This biomass-depth curve was developed from three sampling 
events, at 6  stations in the estuary during the spring, summer, and fall of 2009. SED chl-a was 
measured at 0.25 m below mean low water (MLW), and in 0.5 m intervals from the surface to 
2.5 m below MLW. Biomass-depth curves were expressed as a fraction o f the maximum SED 
chl-a along each depth transect (values deeper than 2.5 m were calculated based on linear 
extrapolation of biomass using the rate o f change between 2 and 2.5 m MLW); seasonal 
biomass-depth curves were combined with measured SED chl-a concentrations from 2008 at 1 m 
MLW to reconstruct SED chl-a on each sampling date from 0 to 4 m in 0.5 m bins. All water 
column and sediment chlorophyll-a values were then interpolated in each depth bin between 
sampling dates to generate daily values over the study.
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Third, PAR data from the Chesapeake Bay National Estuarine Research Reserve 
meteorological station at Taskinas Creek, Virginia (May - November 2008) were downloaded 
(www.neers.noaa.gov) and used to calculate average hourly instantaneous PAR (pE m ' 2 s '1) for 
the study period. Finally, bathymetric soundings were downloaded from the NOAA National 
Geophysical Data Center (www.ngdc.noaa.gov) and interpolated using a kriging function in 
ESRI ArcMAP GIS 9.3, to a 5m x 5m grid with a resolution of 10 cm in the vertical. The 
surface area and volume within each sampling region (Fig. 1) was computed in 0.5 m depth 
intervals from mean sea level (MSL) to the bottom.
Interpolated time series o f P-I parameters, kD, chlorophyll-a biomass, and hourly PAR were 
used to compute hourly gross primary production and respiration o f water and sediments over 
0.5 m depth intervals in each region of the YRE. Metabolic rates from CB were applied to the 
adjacent upper river (UR) region, from CB up to the head of the estuary (Fig. 1). Constant 
photosynthetic and respiratory quotients o f one were applied to all sites to convert from oxygen 
to carbon units (Kemp et al. 1997; Smith and Kemp 2003). While photosynthetic and respiratory 
quotients are variable (Law 1991; Harding et al. 2002), a direct comparison has not been made 
for the YRE. Hourly metabolic rates were integrated over depth and time to produce site- 
specific daily values; these rates were then integrated over area, volume, and time to obtain 
monthly and seasonal region- and estuary-wide estimates o f GPP and net ecosystem metabolism 
(NEM) (GPP minus R). Integrated sediment respiration was computed by area-weighting 
shallow and deep rates by the sediment surface area above and below the pycnocline, calculated 
using the NOAA bathymetric data.
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To compare these internal carbon sources to external inputs, dissolved organic carbon 
(DOC) and particulate organic carbon (POC) concentrations at the head (CBP site RET 4.3) and 
mouth (CBP site WE4.2) of the YRE (Fig. 1) were downloaded from the CBP website 
(www.chesapeakebay.net). Bottom water DOC concentrations at site WE4.2 were unavailable; 
values were estimated by multiplying the surface water DOC to POC ratio by the bottom water 
POC concentration on each sampling date. Daily river flows for the Mattaponi and Pamunkey 
Rivers were downloaded from the Virginia USGS website (http://va.water.usgs.gov) and scaled 
to the entire YRE watershed including the area below the fall line. An Officer (1980) box model 
was used to calculate the exchange rates between the LYR and the Chesapeake Bay using 
interpolated CBP salinity values measured throughout the system. These freshwater flows and 
computed exchanges with the Chesapeake were combined with daily interpolated DOC and POC 
concentrations to estimate input and export of organic carbon across the upstream and 
downstream boundaries.
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Estimating and Scaling Uncertainty
The inclusion of error estimates in budget calculations o f this kind are necessary in order to 
identify the relative uncertainty associated with each term, and are also useful in determining 
what input terms need to be focused on in future studies. The magnitude o f uncertainty related to 
various input terms (e.g., chlorophyll-a, kD, P-I parameters, respiration rates) used to construct 
this carbon budget have been included on figures as standard error. These calculations follow 
the framework laid out in Boynton et al. (2008) and Lehrter and Cebrian (2010). The uncertainty 
associated with computing daily primary production from input terms with associated standard 
errors was calculated by performing a series o f Monte Carlo simulations where chlorophyll-a, 
ko, and all associated P-I parameters were randomly selected from their normal distributions. A 
series of 1000 independent simulations were conducted for both water column and sediment 
production rates for each site on each sampling date. GPP rates are presented as the mean of 
those 1000 simulations +/- one standard deviation. Initial testing with the Monte Carlo approach 
indicated that 500 simulations were sufficient to constrain the standard deviation. This exercise 
provides estimates of the uncertainty around our measured daily rates, but we have not attempted 
to propagate error in our daily interpolations between sampling dates or into our seasonal mass 
balance of organic carbon as that is beyond the scope of the present study.
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RESULTS 
Water Column Variability and the Spring-Neap Cycle
During the first half of the summer, the York River experienced two periods o f strong 
density stratification (bottom -  surface, A sigma-t > 2 kg m '3) that were prevalent over 
consecutive sampling periods (Fig. 3c). These prolonged events were longer in duration and did 
not follow the typical spring-neap tidal cycle. The first prolonged event during June resulted 
from storms that initially disrupted stratification during a neap tide, but which was subsequently 
followed by a significant pulse o f fresh water that acted to stratify the system for a two-week 
period (Fig. 3 a,c). During mid-July a relatively week spring tide did not lead to the complete 
breakdown of stratification in the two polyhaline sampling sites (Fig. 3 b,c). Finally, during 
mid-August stratification completely broke down throughout the entire river due to a series of 
strong storm events that acted to completely mix the water column (Fig. 3 a-c). Although the 
lower estuary did not experience stratification during each neap tide, hypoxia did develop during 
each strong stratification event (Fig. 3 c,d). Surface nutrient concentrations did not show an 
apparent pattern related to the spring-neap cycle (Fig. 4 a-c). DIN concentrations remained low 
throughout June and July until the middle o f August when water column stratification began to 
break down. DIP concentrations were also low in early June, increased slightly at some 
locations during the summer before a brief period of decline in mid-August. DIP at all locations 
increased in late August and throughout September. Silica concentrations remained elevated, 
compared to DIN and DIP, from June to September 2008. In contrast to nutrients, surface 
chlorophyll-a concentrations displayed oscillations in early summer in part related to the spring- 
neap cycle, with a tendency for higher concentrations during more stratified neap tides (Fig. 4d).
Chlorophyll-a concentrations decreased in late August following late summer storm events (Fig.
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3b). Measured ko was lower through the sampling period in the LYR (mean value 1.17 m*1) 
compared to the other regions in YRE (CB 1.79, Cl 1.77, and MI 1.43 m*1). However, photic 
depth (1% of surface irradiance) never exceeded 5 meters in any region on any sampling date.
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Metabolic Incubations
Water column maximum photosynthetic rates and integrated daily production (GPPwc) 
varied throughout June, July and August with no clear relationship to the spring-neap tidal cycle 
(Fig. 5a, 6a). Sediment maximum photosynthetic rates and integrated daily production (GPPb) 
remained constant at most sites from June to July before decreasing in August and September 
(Fig. 5b, 6b). Throughout the study the maximum sediment photosynthetic rates in the LYR 
remained elevated compared to other three regions o f the YRE (Fig. 5b). Surface and bottom 
water column respiration rates exhibited seasonal and shorter-term peaks with the highest rates 
occurring during mid-summer (Fig. 5 c,d). Similarly, shallow sediment respiration rates peaked 
in mid-summer, while deep channel rates increased initially in mid June before decreasing at all 
sites from July to early August (Fig. 5 e,f). During mid August deep channel respiration rates 
increased slightly as a series of storms broke down stratification throughout the river (Fig. 3 a-c).
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Computed Oxygen Trajectories: Advection versus Internal Consumption
Volume-weighted, sub-pycnocline DO concentrations during the 2007 intensive Acrobat™ 
surveys covering two spring-to-neap transitions declined by an average rate o f 0.17 and 0.29 mg 
O2 L '1 d"1 in the mesohaline, and 0.29 and 0.28 mg O2 L '1 d"1 in the polyhaline region of the lower 
YRE during June and August, respectively (Fig. 7 a,b). During the intensive surveys in June 
2008, DO concentrations initially increased due to a spring tide mixing event (Fig. 3 b,c), after 
which they declined at a rate of 3.43 and 0.15 mg O2 L '1 d '1 in the mesohaline and polyhaline 
zones, respectively (Fig. 7c). During August 2008 DO concentrations in the mesohaline and 
polyhaline continually increased following a neap tide, which corresponded with the breakdown 
of stratification within both regions (Fig. 3c, 7d). DO trajectories computed using measured 
rates of respiration in bottom water and deep channel sediments in 2008 matched or fell below 
the computed decrease in volume-weighted DO based on Acrobat™ data except in the 
mesohaline region during June 2008 (Fig. 7 a-d). These trajectories were computed starting at 
the initial observed concentration except in June 2008, where a mixing event occurred following 
this initial survey that increased bottom water DO concentrations; in that case the trajectories 
were computed from the second observation, after which hypoxia developed. These trajectories 
provide a first-order estimate of what oxygen concentrations would have been if  they were 
controlled solely by internal respiration, and suggest that in most cases internal respiration was 
more than sufficient to cause the observed patterns in bottom water DO. The exception was in 
the mesohaline zone in June 2008, where respiration could not account for the observed rapid 
decline in DO concentrations; in this case other mechanisms such as advection of hypoxic water 
from the polyhaline zone of the estuary must be invoked.
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Carbon Budget: Internal versus External Sources
Daily interpolated rates of GPPwc for the YRE oscillated on both weekly and longer time 
scales throughout the summer of 2008 (Fig. 8a), however the realized effect o f the spring-neap 
tidal cycle was over-shadowed by longer temporal shifts in WC chl-a biomass (Fig. 4d) and 
greater light availability in the LYR during mid summer (which exceeded all other regions 
during this period). Additionally, interpolated GPPwc initially increased at all sites in late 
August as stratification broke down before subsequently decreasing for the remainder o f the 
study (Fig. 8a). Although rates varied throughout the summer, mean monthly total gross primary 
production (GPPtotai, water column and benthic) generally decreased over the course o f the 
summer (Table 1), with less than 10% of total system gross primary production attributed to the 
MPB (Fig. 8 a,b).
Daily interpolated rates of Rwc in the YRE did not appear to respond to the spring-neap 
cycle (Fig. 8c). Mean Rwc increased from June (1.12 g C m'2 d '1) to July and August (1.35 g C
7  i *5 1n f  d"), before declining to the lowest seasonal rates in September (0.55 g C m '  d" ) (Table 1, 
Fig. 8c). Rates at stations CB and Cl remained relatively constant throughout the summer with 
short periods of higher values, while rates at MI and LYR increased in mid June to 
approximately double the rates o f CB and Cl, and remained elevated until late August. Daily 
interpolated rates o f benthic respiration (shallow and deep sediments combined) increased
7  1 "5 1slightly from June to August (0.16 g C m' d' ) with an average seasonal rate o f 0.14 g C m d ), 
which accounted for approximately 11% of total system respiration throughout the summer 
(Table 1, Fig. 8 c-d).
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Regional rates of NEM varied temporally and spatially throughout the river, with the 
highest rates of net autotrophy occurring during June in MI and LYR, and during September in 
CB and Cl (Table 2). Most regions remained net autotrophic throughout the entire summer, 
although NEM at UR and LYR decreased to 0.06 and 0.30 g C m'2 d '1. At MI NEM, however,
decreased from 3.37 g C m'2 d '1 in June to -0.12 g C m’2 d '1 in July and remained net
2 1heterotrophic through August (-0.53 g C m’ d' ). Seasonal NEM for the whole system decreased 
from June to August with a rebound in September as water column production increased and 
respiration rates declined (Table 1).
Since the rates of internal oxygen consumption appeared sufficient to drive development of 
bottom water hypoxia in the lower YRE, results from the metabolic incubations were used to 
construct a carbon budget for the system to identify the potential roles of autochthonous and 
allochthonous carbon sources in driving hypoxia. In addition to phytoplankton and MPB 
production, this analysis incorporated external sources of organic carbon from the tributaries, 
surrounding watershed, and the Chesapeake Bay. Results indicated that the monthly average net 
input of DOC and POC from the two tributaries ranged from 5.5 x 103 - 2.2 x 104 kg C d '1 during 
the summer, with an average seasonal rate o f 1.2 x 104 kg C d '1. The smaller watersheds that 
surround the YRE supplied an average of 866 kg C d '1 (monthly means ranging from 200 - 6800 
kg C d '1). However, both of these sources were relatively low compared to the seasonal mean 
import (2 x 105 kg C d '1) and export (2.1 x 105 kg C d"1) o f organic carbon from the Chesapeake 
Bay.
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DISCUSSION 
Drivers of Water Column Dynamics
TA/CThe 2008 Acrobat and spring-neap surveys confirmed the importance o f density 
stratification and the development o f hypoxia within the YRE, however the spring-neap tidal 
cycle did not completely drive the oscillations between stratified and non-stratified periods (Fig. 
3c). A series o f strong storms during early June acted to break down stratification over a neap 
tidal period, while the subsequent freshwater input following the storms stratified the system 
during a relatively weak semidiurnal spring tide (Fig. 3 a-c). During mid-July stratification in 
the polyhaline York River did not fully break down until more than 3 days after a weaker spring 
tide. However, the system remained homogenous through the following neap tide due to 
stronger than predicted neap tidal amplitudes. Finally, during mid-August stratification 
completely broke down throughout the entire river due to a series o f strong storm events that 
acted to completely mix the water column (Fig. 3 a-c). High resolution sampling confirmed that 
the spring-neap cycle has the ability to control stratification and hypoxia, as noted in other 
previous studies Haas 1977; Hayward et al. 1982; Kuo and Neilson 1987). However, the results 
also indicated a number of other important physical factors that must also be considered 
including: strong wind events, freshwater flow, and relative tidal mixing strength.
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Metabolic Rate Measurements
The metabolic rates observed in this study were within the range or slightly below those 
reported from previous studies conducted in the lower polyhaline Chesapeake Bay. Kemp et al. 
(1997) reported seasonal GPP rates for June -  September between 0.75 and 5.25 g C m'2 d"1 in 
the lower bay (assuming a PQ =1). Seasonal mean GPPwc values in this study fell within their 
range, at 2.11 g C m' d‘ (monthly means from 1.73 - 2.97 g C m '  d‘ ), with maximum daily
7 1values exceeding 4 g C m '  d' (Fig 8a). The net water column primary production rates in this 
study ranged from 0.43 - 1.66 g C nT2 d '1, which bracketed the summer net 14C primary 
production value of 1.2 g C m’2 d’1 reported by Harding et al. (2002) for the lower bay.
However, these net rates fell below the daytime net community production values reported by 
Smith and Kemp (1995) (3.53 +/- 0.83 g C m"2 d '1). RWc rates from this study (0.012 - 0.056 mg 
O2 F1 h*!) overlapped the mean values reported for the lower bay above 20°C by Smith and 
Kemp (1995) for the surface layer (0.01 - 0.04 mg O2 1*1 h"1). Similarly, Rwc for the bottom 
layer (0.001 - 0.055 mg O2 l"1 h '1) o f the YRE also overlapped Smith and Kemp (1995) lower bay 
rates (0.01 - 0.04 mg O2 I’1 h '1). The measured deep channel sediment oxygen demand rates 
bracketed the range reported by Cowan and Boynton (1996) for the lower bay (0.65 - 0.75 g O2 
m'2 d’1) (Fig. 5f). However, the scaled YRE monthly average rates were slightly below this 
range (0.42 - 0.66 g O2 m'2 d’1).
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Computed Oxygen Trajectories
Comparing in-situ DO concentrations over the intensive Acrobat™ surveys in 2007 and 
2008 with trajectories computed using rates from the 2008 metabolic incubations (Fig. 7) 
provides an estimate of the role of respiration in controlling the observed changes in DO 
concentrations. While this exercise is admittedly first-order as it excludes mixing of oxygen 
across the pycnocline and assumes that the rates during 2007 were the same as 2008, it 
nevertheless provides a method for quantifying the relative importance of internal respiration as 
opposed to external factors like advection of hypoxic water into the system from the lower 
Chesapeake Bay. The other major process that was excluded from these calculations is 
production of oxygen below the pycnocline, but calculations based on measured attenuation of 
irradiance and P-I curves indicated minimal to no photo synthetic oxygen production below 
approximately 5 m, the depth used for the mesohaline pycnocline in these calculations (9 m in 
the polyhaline).
The comparison of in-situ and computed DO concentrations within the polyhaline YRE 
indicated that internal respiration alone was capable of driving this system to hypoxia under 
stratified conditions without the need for advection of hypoxic water from the Chesapeake Bay 
(Fig. 7). During the summer of 2007 the interpolated volumetric DO concentrations in the 
polyhaline declined at rates less than or equal to the combined water column and sediment 
respiration trajectories. During June of 2008 the DO concentrations in the polyhaline York 
initially declined slightly faster than suggested by respiratory rates, however this may be due in 
part to a settling effect of higher density low DO water that was partially mixed into the surface 
layer during the previous spring tide (Fig. 2 c,d). The 2007 mesohaline oxygen concentrations 
also declined at rates equal to or less than the oxygen uptake trajectories measured for this
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region. During June of 2008 however, the observed DO concentrations for the mesohaline York 
declined much faster than those computed from metabolic rates, which suggests that factors other 
than internal respiration were required to explain the observed decline. In this instance it appears 
that the rapid decline in DO concentrations was caused by the advection of low DO water into 
the mesohaline region from the polyhaline York. Acrobat™ surveys from 2008 appear to 
confirm this, as higher density, low DO water advanced upriver following a spring tide (data not 
shown). DO concentrations in both the polyhaline and mesohaline increased throughout the 
month of August (2008) as fall storms mixed the entire water column for the remainder of the 
summer (Fig 3 a,b).
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Summer Integrated GPP and R
Confirmation that internal respiration within the estuary was generally sufficient to drive 
hypoxia led to an evaluation of the importance of individual autochthonous and allochthonous 
organic matter sources and their potential to contribute to hypoxia at monthly and seasonal 
scales. While uncertainty was not propagated through the daily interpolated estimates o f GPP 
and R (Fig. 8) used to generate the values in Table 1, estimated errors on the rates each day of 
measurement (Fig. 5c-f; Fig. 6) indicate that the values are sufficiently well constrained to allow 
order o f magnitude comparisons between water column and sediment rates, contributions from 
phytoplankton and MPB, and relative rates of production and respiration. Results indicated that 
phytoplankton production dominated total GPP in the system and was more than sufficient to 
offset the aerobic respiration in the water column and sediments (Table 1). This study did not 
capture the spring phytoplankton bloom in the tributaries and upper river that precedes seasonal 
development of hypoxia in the polyhaline segment, which would provide an additional 
phytoplankton-based source of carbon for fueling hypoxia.
Microphytobenthic production along the shallow photic shoals (< 2m) of the river, which 
comprise greater than 40% of the YRE surface area (Rizzo and Wetzel 1985), has been 
suggested to be an important primary producer throughout the year (Pickney and Zingmark 
1993; Reay et al. 1995; Buzzelli 1998). These results indicate that benthic production accounted 
for less than 10% of GPPtotai throughout the summer, which is similar to the microphytobenthic 
production contribution for the mainstem Chesapeake Bay estimated by Kemp et al. (1999). 
However, on a local scale benthic production appeared to be more significant in some regions, 
specifically Cl where GPPb accounted for up to 20% of GPP,otai during the month of June, before 
declining to less than 10% in July. Measured benthic production rates were consistently higher
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in the LYR throughout the summer compared to the other regions (Fig. 5b); however, the high 
rates o f primary production did not offset the smaller percentage o f photic surface area in the 
polyhaline zone (Fig. 8b).
Water column respiration in the mesohaline remained relatively constant from June to late 
August 2008 with only short weekly periods o f elevated rates, which may be due in part to 
resuspension of the bottom boundary layer resulting from stronger tidal currents. Bed erodibility 
in this region, which has been demonstrated to be higher than in the lower polyhaline (Cartwright 
et al. 2009), likely suspends some labile particular organic matter and pore water nutrients into 
the overlying water column, increasing water column respiration rates. Within the polyhaline 
regions Rwc rates increased in mid July, as GPPwc decreased, and remained elevated compared 
to the mesohaline regions throughout the summer (Fig. 8c). Elevated polyhaline Rwc rates were 
approximately double the corresponding rates in the mesohaline during July and August, which 
likely resulted from the degradation of internally produced organic matter resulting from greater 
light availability in the LYR, and advected labile DOC and POC water from the lower 
Chesapeake Bay.
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Spatial and Temporal Variations in NEM
NEM varied both temporally and spatially throughout the river during the summer o f 2008. 
During June all sites were found to be net autotrophic with the highest rates o f GPPtotai occurring 
in MI and LYR (Table 2). With the exception of MI, all regions remained net autotrophic 
throughout the summer, although the UR and LYR regions decreased to their lowest rates in 
August. MI however, alternated from net autotrophy to net heterotrophy in July, and remained 
net heterotrophic through August. Mumfort Island, which is just below the mesohaline -  
polyhaline transition zone, appears to be a trap for respirable organic matter. This region is also 
the most upriver location for recurring hypoxia based on previous Acrobat™ surveys (authors’ 
unpublished data). The Cl region, just above MI, is a transition zone where the York River 
channel becomes wider and deeper compared to the broad shallow regions in the upper river. It 
is possible that estuarine circulation transports and retains labile organic matter in this region, 
which results in higher respiration rates within the water column and in the sediments (Fig. 8 c,d) 
without the elevated rates of GPPwc present in the LYR (Fig. 8a).
Seasonal mean NEM for the entire system decreased from June to August with a 
subsequent increase in September as water column production increased and respiration 
declined. Interestingly, Raymond et al. (2000) calculated that the York River, including portions 
of the tributaries, was net heterotrophic using open water DIC measurements. Within Raymond 
et al. (2000) did note that the LYR region had the lowest rates o f heterotrophy with seasonal net 
autotrophy. The discrepancy between Raymond et al. (2000) and this study may be due in part 
to the two different approaches used to measure NEM (in-situ measurements of DIC vs. 
component incubations). Although there have only been a limited number o f studies that have 
utilized multiple NEM methods, these studies have highlighted discrepancies in NEM values
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associated with different techniques (Kemp and Boynton 1980; Kemp et al. 1997; Giordano et al. 
2012). It is also likely that the DIC method of Raymond et al. (2000) accounted for excess CO2 
from upriver tidal freshwater marsh systems, rather than water column processes within the 
estuary (Neubauer and Anderson 2003).
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Summer Total Organic Carbon Budget
Measured biological rate processes and computed physical transport o f particulate and 
dissolved organic carbon from the surrounding watershed and lower Chesapeake Bay were 
combined into a seasonal budget o f organic carbon fluxes in the YRE (Fig. 9). As noted above, 
estimated errors on the rates each day of measurement (Fig. 5c-f; Fig. 6) are sufficiently well 
constrained to allow order of magnitude comparisons between major terms in the carbon budget 
even though errors were not propagated through these seasonal integrated values.
During the summer of 2008, internal water column production accounted for over half 
(57.5%) of all organic carbon inputs to the YRE, with advected POC and DOC from the lower 
Chesapeake Bay accounting for an additional 37%. It was not surprising that these two sources 
of organic carbon contributed significantly to this system; past studies of particulate and 
dissolved organic matter in the YRE have highlighted their significance within the mesohaline 
and polyhaline portions o f the river (Countway et al. 2007; McCallister et al. 2006a; McCallister 
et al. 2006b). Previous studies also indicate that organic matter from the Chesapeake Bay is 
important to bacterial secondary production within the LYR, contributing 66-70% of bacterial 
production during October (McCallister et al. 2004); however, the contribution during the 
summer was reported to be significantly lower (8-10% in July).
Allochthonous POC and DOC entering from the watershed and tributaries were found to be 
comparatively low, accounting for less than 3% of organic carbon inputs during the summer. 
These allochthonous sources of carbon are likely to be more refractory in nature (McCallister et 
al. 2004; McCallister et al. 2006a; McCallister et al. 2006b), which would further limit their 
bioavailability. The role of MPB in this system also appeared to be limited, contributing only 
3% of seasonal organic matter input. While it is likely that some o f this organic matter can be
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transported to the deep channels o f the York following storm events, it is unlikely that this 
source would contribute significantly to the formation o f hypoxia. Future management efforts 
including nutrient and sediment reduction strategies and improved water clarity may benefit 
MPB in this system, along with submerged aquatic vegetation, causing these sources to become 
more significant in the future.
It is interesting to note that the exchanges of POC and DOC to and from the Chesapeake 
Bay are nearly in balance during the summer. While the net exchange of POC and DOC across 
the mouth of the estuary appears to currently be in balance, this important exchange should be 
addressed in future management strategies. Nutrient reduction strategies focused on the 
tributaries may reduce phytoplankton production in the York River; however, this approach will 
not reduce POC and DOC entering from the lower Chesapeake Bay. A recent analysis o f WC 
chl-a concentrations over the past 50 years by Harding and Perry (1997) found that the lower 
polyhaline mainstem exhibited the largest increase within any region of the Chesapeake Bay. It 
is likely that the outcome of nutrient reduction strategies for the York River will be influenced 
indirectly by the Chesapeake Bay. Similar studies in other sub-estuaries o f the Chesapeake Bay 
have identified the mainstem as a source of labile organic matter, DIN, and DIP (Jordan et al. 
1991; Boynton et al. 2008; Testa et al. 2008), which likely contribute to the elevated rates o f 
GPP and net autotrophy in the LYR.
The carbon mass balance indicates that internal water column and benthic respiration is 
approximately equal to the export of organic matter to the Chesapeake Bay, at 47% and 53% of 
all loss terms, respectively. Surface (< 5 and < 9 meters for the mesohaline and polyhaline, 
respectively) water column respiration in this shallow sub-estuary accounted for the majority of 
internal aerobic respiration (74%), with sub-pycnocline water column respiration accounting for
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an additional 15%. Benthic respiration along the shallow shoals and in the deep channels was 
found to be comparatively low (7% and 4%, respectively) compared to other internal sinks 
within the estuary. However, these measurements o f aerobic respiration likely underestimates 
total benthic respiration, which includes anaerobic respiration occurring in the deep channel 
under hypoxic conditions and in anaerobic sediments.
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CONCLUSIONS
The oxygen mass balance for the YRE indicates that internal respiration is sufficient to 
drive the system to hypoxia under stratified conditions, without the need for advection of 
hypoxic water from the Chesapeake Bay to reproduce the observed declines in DO. Although 
this system is directly affected by multiple organic matter sources, both autochthonous and 
allochthonous, this analysis indicates that internal water column phytoplankton production is the 
dominant source of organic carbon to the YRE during the summer. Reducing this labile source 
of organic material by implementing nutrient reduction strategies could potentially mitigate some 
current water quality concerns, although a more complete assessment of the magnitude of 
nutrient reductions necessary to cause these changes is required over multiple years and under a 
range of climate scenarios. Additionally, the net exchange of labile organic matter between the 
lower Chesapeake Bay and the YRE should not be discounted given the potential ecological 
impacts and associated management implications of these inputs.
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Figure 1-1. Map of the York River estuary and the Chesapeake Bay (insert), including 
boundaries of each sampling region, and corresponding channel (black circles) and nearshore 
(bulls eyes) sampling stations. Acrobat™ monitoring surveys (grey line) were conducted bi­
monthly (2007) and monthly (2008) to examine the spatial extent o f hypoxia in 3-dimensions. 
Intensive (dashed black line) surveys were conducted every 2-3 days for a 2.5 week period 
during June and August o f each year to capture the development, spread, and disruption of 
hypoxia. The intensive surveys were extended outside the mouth o f the York River estuary into 
the lower Chesapeake Bay for the 2008 sampling season.
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Figure 1-2. Interpolated dissolved oxygen concentrations from Acrobat™ surveys, from June 
2007 (a, b) and June 2008 (c, d). Panels (a) and (b) show hypoxic water appearing in the lower 
YRE following a neap tide on June 22, 2007. During June 2008 water column stratification and 
hypoxia persisted after a spring tide on June 19 (c, d). On June 25, 2008 (d), hypoxic water was 
observed in bottom waters up to 13 km outside the mouth of the YRE. All Acrobat™ 
interpolations were developed using the Inverse Distance Weighting method in ArcMAP 9.3.
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Figure 1-3. Time-series of environmental conditions during the weekly spring-neap surveys in 
2008. (a) Precipitation at the Taskinas Creek, VA meteorological station (www.nerrs.noaa.gov) 
and combined river flow of the Mattaponi and Pamunkey Rivers (waterdata.usgs.gov/nwis), (b) 
hourly wind speed and daily tidal range measured at the Coast Guard Pier in the lower YRE 
(tidesandcurrents.noaa.gov), (c) observed strength of stratification (bottom -  surface sigma-/), 
and (d) observed mean bottom water dissolved oxygen concentrations. The YRE oscillated 
between stratified (low oxygen) and well mixed (normoxic) conditions on time scales longer 
than the spring-neap tidal cycle. Error bars on panels (c) and (d) are standard error. White boxes 
(outlined in black) highlight a 3-day period beginning at the apex o f spring tide; light grey boxes 
correspond to a 3-day period beginning on neap tides.
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Figure 1-4. Nutrient and water column chlorophyll-a concentrations from spring-neap surveys 
sampled weekly in each sampling region during 2008. (a) Dissolved inorganic nitrogen, (b) 
dissolved inorganic phosphorus, (c) dissolved silica, and (d) chlorophyll-a concentrations in the 
surface water (sampled at 0.25 m). Error bars represent standard error. White boxes (outlined in 
black) highlight a 3-day period beginning at the apex of spring tide; light grey boxes correspond 
to a 3-day period beginning on neap tides.
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Figure 1-5. Time-series of (a) water column and (b) sediment maximum gross photosynthetic 
rate (in the absence of photoinhibition) measured during light box metabolic incubations 
following the spring-neap surveys. Hourly biomass-specific values were multiplied by 
chlorophyll-a biomass and scaled to daily rates to 24 hours o f continuous irradiance. Lower 
panels show mean respiration rates for (c) surface (0.5m) and (d) bottom water, and (e) shallow 
and (f) deep channel sediments. Hourly biomass-specific were multiplied by chlorophyll-a 
biomass and scaled to daily rates. Error bars on all panels represent standard error. Open 
symbols correspond to dates when less than three replicates were available or error estimation 
was not possible due to lack of required data. Mean rates are offset in time to limit overlap of 
means and error bars.
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Figure 1-6. Mean (a) water column and (b) sediment gross primary production calculated from 
1000 Monte Carlo simulations where chlorophyll-a, k[>, and P-I parameters were randomly 
selected from their normal distributions. Error bars represent the standard deviation of all 1000 
simulations. Mean rates are offset in time to limit overlap o f means and error bars.
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Figure 1-7. Computed and observed dissolved oxygen trajectories during spring to post-neap 
tide transitions. Points represent sub-pycnocline, volume-weighted concentrations in the 
mesohaline (grey circles) and polyhaline (black squares) regions o f the YRE from ACROBAT™ 
surveys. Dashed grey (solid black) lines represent the expected dissolved oxygen trajectories 
based on measured rates of bottom water column and deep channel sediment respiration for the 
mesohaline (polyhaline) regions of the estuary.
88
DO
 
(m
g 
0
2 
L
1) 
DO
 
(m
g 
0
2 
L
1)
12 -
8 -
(a) June 07 (b) Aug 07 •  Mesohaline DO— -  • Meso. DO Trajcctory 
■  Polyhaline DO
—  Poly. DO Trajectory
June 08 Aug 0812
8
4
0
6/30 8/14 8/18 8/22 8/266/14 6/18 6/22 6/26
Date Date
00
VO
Figure 1-8. Interpolated daily (a) water column and (b) sediment gross primary production, and 
(c) water column and (d) sediment respiration for each sampling region. Values are scaled to 
each region using hourly PAR and interpolated kD, chlorophyll-# in 0.5 m depth bins, and P-I 
parameters.
90
R
es
pi
ra
tio
n 
Pr
od
uc
tio
n
Water Column Sediment
IX)
E
U
HD
■fBua.
O
10
8
6
*V,
4
* i
2
0
1.0
CB
0.8
- -  MI 
—  LYR 
□  Spring 
ra  Neap
TJ
g 0.6
U
»  0.4
ea
a.Qu
o 0.2
0.0
E
O
u
of
10
8
6
4
2
0
SepJun Jul Aug
0.8
■o\  0.6
U
“  0.4
m
06
0.2
0.0
SepJun Jul Aug
Figure 1-9. Estimated total organic carbon budget for the York River estuary over the sampling 
season (June -  September 2008) including physical inputs and outputs and biological production 
and respiration. All values are x 109  g C.
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Table 1-1. Monthly and seasonal mean rates of integrated gross primary production (GPP), 
respiration (R), and net ecosystem metabolism (NEM, = GPPtotai - Rtotai) for the entire York River 
estuary. Total GPP and R are the sum of water column and benthic rates. Values may not sum 
due to rounding. Seasonal totals are integrated across daily interpolated rates and are not an 
average of the monthly values.
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York River Estuary Metabolic Rates
( g  C m2 d’1)
June July Aug. Sept. Seasonal Mean
G P P to ta l 2.97 2.31 1.87 1.73 2.22
GPPwc 2.78 2.21 1.78 1.67 2.11
GPPb 0.20 0.10 0.09 0.05 0.11
R total 1.25 1.49 1.51 0.66 1.23
Rwc 1.12 1.35 1.35 0.55 1.09
Rb 0.13 0.14 0.16 0.11 0.14
NEM 1.72 0.82 0.36 1.07 0.99
<x>cn
Table 1-2. Monthly and seasonal mean net ecosystem metabolism (NEM, = GPPtotai - Rtotai) for 
each region of the York River estuary. Seasonal totals are integrated across daily interpolated 
rates and are not an average of the monthly values.
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Net Ecosystem Metabolism
(g c  m2 d-‘)
Region June July Aug. Sept. Seasonal Mean
UR 0.70 0.53 0.06 0.74 0.50
CB 1.21 1.40 0.76 1.55 1.23
Cl 0.77 0.54 0.86 1.34 0.88
MI 3.37 -0.12 -0.53 0.79 0.86
LYR 3.74 1.22 0.30 0.96 1.54
<£>
00
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ABSTRACT
The seasonal formation of periodic hypoxia within tributary estuarine ecosystems is 
directly influenced by multiple organic matter sources, both autochthonous and allochthonous, 
that are subsequently respired under warm summer temperatures. These dynamic systems are 
subject to allochthonous inputs from near-field sources in the surrounding watershed, as well as 
far-field sources that contribute nutrients, labile organic matter, and hypoxic water from adjacent 
coastal marine systems via estuarine circulation. This study utilized an intermediate complexity 
eutrophication model to quantify the importance of individual organic matter sources 
contributing to the development of low oxygen within the York River estuary (YRE), VA, USA, 
and assess the reductions in external loads necessary to mitigate current hypoxic conditions. Our 
results indicate that the lower portions of the YRE tributary rivers are most strongly influenced 
by organic matter loading from the upstream watershed, while the lower mesohaline region is 
influenced by both internal phytoplankton production and organic matter loading from the 
tributaries. In the high mesohaline, tributary organic matter and internal phytoplankton 
production play an equally important role during the spring; however, in summer and fall 
dissolved oxygen concentrations appear to respond most strongly to dissolved organic carbon 
(DOC) entering via advection from the lower Chesapeake Bay (CB). The polyhaline region, 
which is frequently the site of reoccurring bottom water hypoxia throughout the summer, 
responded primarily to advected DOC from the CB. Results indicate that different regions o f the 
YRE may require different management strategies, and highlight the strong relationship between 
development of periodic hypoxia in the lower YRE and the advection of labile organic matter 
from the lower CB, a far field input that requires a more regional approach to management.
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INTRODUCTION
Many large estuaries like the Chesapeake Bay (CB) have relatively shallow tributary 
estuaries draining into them; examples in the CB include the Patuxent, Potomac, Rappahannock, 
York, and James Rivers. These tributary estuaries are strongly influenced by multiple sources of 
organic matter, both autochthonous and allochthonous, which results in a complex cycling of 
organic material throughout these highly productive ecosystems. These drowned river valley 
systems support autochthonous production by water column phytoplankton and also a highly 
productive community o f microphytobenthos (MPB) along the broad, shallow photic shoals that 
line these systems (Rizzo and Wetzel 1985). Allochthonous sources of organic carbon include 
inputs from the surrounding watershed of both labile and refractory material derived from 
terrestrial, freshwater, and anthropogenic sources, as well as material advected across the 
estuarine mouth (McCallister et al. 2004; Countway et al. 2007). In addition to the multitude of 
organic matter sources, these systems are frequently subject to high rates o f anthropogenic 
nutrient enrichment, which makes them susceptible to the process o f eutrophication (Nixon 1995, 
2009) and many associated water quality concerns including the development o f bottom water 
hypoxia (< 2.0 mg O2 L '1) (Rabalais 2002; Kemp et al. 2005; Diaz and Rosenberg 2008).
Several recent studies have also demonstrated the importance of estuarine circulation in 
advecting nutrients and sometimes hypoxic water from the adjacent systems into these sub­
estuaries (de Jonge 1997; Jordan et al. 1991; Brush 2004; Boynton et al. 2008; Testa et al. 2008).
The interaction of all of these factors makes it increasingly difficult to study these dynamic 
systems using more traditional sampling and experimental techniques. Long-term monitoring 
studies are limited by temporal and spatial variability, a frequent lack of associated data, changes 
in sampling methods and analysis, and other compounding factors (Nixon and Buckley 2002).
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While numerous comparative and long-term whole-system experiments have been carried out in 
lakes (Oglesby 1977; Hanson and Leggett 1982), few studies have been attempted in coastal 
marine systems (see Nixon and Buckley 2002). While the unintended anthropogenic enrichment 
o f coastal marine systems continues today, it is unlikely that large scale ecosystem enrichment 
studies will be attempted in coastal waters in the foreseeable future. Large mesocosm studies 
have also been used to simulate estuarine ecosystems, however these are inevitably subject to 
their own short comings including scaling problems, “bottle effects” , sample heterogeneity, and 
larger-scale physical processes (Nixon 2001).
Ecosystem simulation models are ideally suited to study the ecological function of shallow 
tributary estuaries and provide insight into the effects o f eutrophication. While they are also 
limited by current knowledge, assumptions, and data availability they represent a valuable 
hypothesis testing tool. The use o f intermediate-complexity models that incorporate both 
traditional mechanistic approaches and empirical functions that apply across a wide variety of 
temperate estuaries maximizes the use of available data while limiting excessive 
parameterization and error propagation from loosely constrained variables (Reckhow 1999; Pace 
2001; Brush et al. 2002). Reduced complexity models have been widely used as synthesis tools, 
to address complex sets of hypotheses related to ecosystem function, and to inform coastal 
management (Stow et al. 2003; Brush 2004; Scavia et al. 2004, 2006; Swaney et al. 2008; Brush 
and Nixon in review).
The York River estuary (YRE) (Fig. 1) is an ideal system to implement this modeling
approach to gain insight into both the biological and chemical cycles that contribute to hypoxia,
and potential responses to various management scenarios. The YRE has a long monitoring
history and is influenced by multiple sources o f labile organic matter, advection of high nutrient /
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low dissolved oxygen (DO) water from the mainstem Chesapeake, and variable physical mixing 
processes, both tidally and wind driven (Haas 1977; Kuo and Nielson 1987; Sharpies et al. 1994; 
Lake et al. in review). These characteristics make the YRE a model system that can be used to 
make inferences into how other shallow tributary estuaries function. While this system has been 
historically well studied, we still lack an understanding of how the full suite o f biological, 
chemical and physical processes interact within this system (Countway et al. 2007; Lake et al. in 
review), which can be directly addressed with this approach.
Recent work focused on establishing a seasonal carbon budget for the YRE indicated that 
internal water column phytoplankton production was the dominant source of organic carbon to 
the estuary, and highlighted the importance of the net exchange o f organic matter between the 
lower Chesapeake Bay and the YRE (Lake et al. in review). This analysis suggested that 
reducing internal phytoplankton production by implementing nutrient reduction strategies might 
mitigate some of the current water quality concerns, but a more complete assessment is required 
to determine the magnitude of reductions necessary to cause improvements. It is likely that 
different regions of the YRE will respond differently to reductions in nutrient and organic matter 
loading, which may require multiple management strategies that focus on various sources 
entering this estuary, rather than a single approach.
The goal of the current study is to develop a more complete understanding o f how various 
organic matter and nutrient sources contribute to the development o f hypoxia within different 
regions of the YRE, and determine what management scenarios might be appropriate to mitigate 
the negative effects of hypoxia. To do this we incorporated data collected from in-situ 
measurements with long-term water quality and meteorological monitoring and metabolic 
incubations into an intermediate complexity eutrophication model. Following calibration, a
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series of scenarios were run to isolate the individual importance of each source to bottom water 
hypoxia. Finally, we evaluated the effectiveness o f a range of nutrient and organic matter load 
reductions to determine what actions may be necessary to meet established water quality criteria 
(e.g., US EPA 2003) in different parts of the system.
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METHODS 
Site Description
The YRE is formed by the confluence of the Mattaponi and Pamunkey Rivers near West 
Point, Virginia, approximately 55 km from where the river enters the mainstem of the 
Chesapeake Bay on its western edge (Shen and Haas 2004) (Fig. 1). The overall land use 
surrounding the YRE is predominantly rural with 62% forested and 16% agricultural land (Dauer 
et al. 2005). The estuary is flanked by shallow photic shoals (< 2m), which comprise 40% o f the 
estuary by area (Rizzo and Wetzel 1985). The YRE oscillates between stratified and well-mixed 
conditions due to the physical mixing of the spring-neap tidal cycle, which has been well 
documented in past studies (Haas 1977; Hayward et al. 1982; Kuo and Neilson 1987; Diaz et al. 
1992). This physical forcing creates the potential for continued formation and disruption of 
bottom water hypoxia from late May to early September within the lower half of the estuary 
(Kuo and Neilson 1987; Kuo et al. 1993; Lake et al. in review).
For this study the YRE was sub-divided into eight regions along its axis (Fig. 1). These 
regions were designated based on long term water quality monitoring by the EPA Chesapeake 
Bay Program (CBP) and the presence o f hypoxia during monitoring surveys. The two upstream 
boxes (1 and 2) are located within the lower Mattaponi and Pamunkey Rivers, respectively. 
Boxes 3 and 4 are located in the low mesohaline and Boxes 5 and 6 in the high mesohaline 
portions of the estuary, which are typically characterized as having little to no signs of hypoxia. 
The two downstream polyhaline boxes (7 and 8) have been observed to develop periodic hypoxia 
during past monitoring surveys and in previous studies (Kuo and Neilson 1987; Kuo et al. 1993; 
Lake et al. in review).
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Eutrophication Model
We applied a previously developed model that combines the benefits o f both empirical and 
mechanistic modeling approaches into an intermediate-complexity, shallow marine ecosystem 
model (Brush 2002, 2004; Brush et al. 2002; Brush and Brawley 2009; Brush and Nixon 2010, in 
review). The model includes only those state variables and rate processes that are o f primary 
importance to the process of estuarine eutrophication, and integrates robust empirical 
relationships that have been shown to apply across multiple temperate estuaries to predict key 
rate processes. State variables include pools of carbon (C), nitrogen (N), and phosphorous (P) in 
phytoplankton (PHYTO) and MPB, water column pools o f organic carbon (Cwc) and its 
associated N and P, dissolved inorganic nitrogen (DIN) and phosphorous (DIP), DO (O2), and a 
pool of recently deposited, labile organic carbon in the sediments ( C s e d )  and its associated N and 
P (Fig. 2). In the following paragraphs we outline modifications that have been made to adapt 
the model to the YRE, since details on the other formulations have been published elsewhere 
(see above).
The original model remineralizes N and P and denitrifies N from the sediment organic pool 
using temperature-dependent functions constrained during calibration. Given the current focus 
on hypoxia, the formulations were modified to account for the effects of low DO on coupled 
nitrification-denitrification and resulting release of NH4+. A denitrification efficiency function 
was developed using data presented in Kemp et al. (2005) to reduce the rate of denitrification 
under declining DO concentrations and increase the remineralization of NFL**:
DENIT EFF = 0.4 + (0.0518 * DO)
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where the denitrification efficiency (DENIT EFF) is a dimensionless term dependent on DO (mg 
O2 L '1) concentrations overlying water column. A similar function was developed to reflect the 
enhanced release o f phosphate from sediments under anoxic conditions using data from Boynton 
and Bailey (2008) measured in the mesohaline and polyhaline Chesapeake Bay and the Patuxent, 
Potomac, and York Rivers:
DIP FLUX = 0.0286 * exp (-0.6271* DO)
where the low oxygen sediment DIP flux (DIP FLUX) is a dimensionless term dependent on DO 
(mg O2 L"1) concentrations in the overlying water column.
Given the extensive photic shoals and active MPB community in the YRE, we added a 
newly developed MPB sub-model (Brush et al. in prep), developed using metabolic rates 
measured in the YRE, the New River estuary, NC and lagoons of the Delmarva Peninsula. MPB 
production and respiration were simulated at 0.5 meter depth intervals within each box, as a 
function of irradiance at depth and temperature. Nutrient limitation was not included since MPB 
have the ability to obtain nutrients from overlying water as well as pore water within the 
sediments. For this study we have excluded production from seagrass and macroalgae, due to 
their limited spatial distribution within the estuary under current conditions (Moore et al. 2000; 
Moore et al. 2001).
The ecosystem model is coupled to an Officer (1980) two-layer box model, which 
computes both advective (gravitational circulation) and non-advective (tidal) volumetric 
exchanges among coarse spatial elements as a function of forced salinity and freshwater inputs. 
Surface and bottom boxes were delineated based on pycnocline depth as determined from CBP
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T * x /
monitoring data and Acrobat monitoring surveys; these depths were set at 4 m (Boxes 1 and 
2), 5 m (Boxes 3 - 6), and 9 m (Boxes 7 and 8). Although box models necessarily lose spatial 
resolution compared to higher resolution 3-D hydrodynamic circulation models, they nonetheless 
reproduce typical down-estuary and surface to bottom gradients, operate at the typical scale of 
available monitoring data (e.g., Fig. 1), are driven by exchanges that are constrained by 
observations, and enable fast run times (minutes on personal computers), which makes possible 
the multiple runs required for adequate calibration, sensitivity analysis, and forecasting 
scenarios. Recent work has confirmed the utility o f boxed approaches (Menesguen et al. 2007; 
Testa and Kemp 2008; Kremer et al. 2010).
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Forcing Function Data
Photosynthetically active radiation (PAR), precipitation, air temperature, relative humidity, 
and wind speed at the Chesapeake Bay National Estuarine Research Reserve in Virginia 
(CBNERRVA) meteorological station at Taskinas Creek (January 2007 - December 2010) were 
downloaded (www.nerrs.noaa.gov) and used to calculate total daily PAR and average daily 
temperature, humidity and wind speed. Daily river flow from the Mattaponi and Pamunkey 
Rivers over the same period were downloaded from the Virginia USGS website 
(va.water.usgs.gov) and expressed as yields per area of watershed. These yields were scaled up 
to the entire area o f the Mattaponi and Pamunkey watersheds including the area below the Fall 
Line, and combined with the areas of the smaller, ungauged watersheds surrounding the YRE to 
estimate freshwater inputs to those boxes (Fig. 1). Concentrations o f DIN and DIP measured at 
the USGS gauging stations were linearly interpolated between sampling dates and combined 
with scaled up flows to each box to compute daily material loads..
Bi-weekly to monthly (depending on location and season) monitoring data for water 
temperature, salinity, turbidity (NTU), water column chlorophyll-a (WC Chi-a), and particulate 
(POC) and dissolved organic carbon (DOC) were downloaded from the CBP website 
(www.chesapeakebay.net). Surface and bottom temperature, salinity, and turbidity were linearly 
interpolated between sampling dates and forced into each box of the model. Concentrations of 
POC and DOC at CBP stations TF 4.2 and TF 4.4 in the tidal fresh portions o f the Mattaponi and 
Pamunkey Rivers were linearly interpolated between sampling dates and combined with scaled 
up watershed flows to estimate daily loads to each box. Surface and bottom concentrations of 
WC Chl-a, POC, DOC, DIN, and DIP in Chesapeake Bay (CBP station WE 4.2) were similarly 
interpolated and combined with box model estimates of advection into the YRE to estimate
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inputs across the mouth. Advected CB chlorophyll-a was converted to phytoplankton biomass 
utilizing a carbon to chlorophyll-a ratio o f 90.4 g g '1, which was calculated based on surface 
POC and WC Chi-a concentrations measured at CBP sites LE 4.3 and WE 4.2 from 2006 to 
2010. Advected CB POC was reduced by this amount to avoid double counting phytoplankton 
carbon. Bottom water DOC concentrations were unavailable at station WE 4.2; values were 
estimated by multiplying the surface water DOC to POC ratio by the bottom water POC 
concentration for each sampling date.
A series o f 480 light attenuation (ko) measurements collected by the CBNERRVA 
(between January 2006 to November 2011) and an additional 62 measurements made by the CBP 
were used to develop multiple regression models for light attenuation in three regions within the 
YRE (Boxes 1-4, 5-6, and 7-8). Regressions were developed using extracted WC Chl-a, 
turbidity (NTU), and salinity as a proxy for chromophoric dissolved organic matter (CDOM) (Xu 
et al. 2005).
Bathymetric soundings were downloaded from the NOAA National Geophysical Data 
Center (www.ngdc.noaa.gov) and interpolated using a kriging function in ESRI® ArcMAP 9.3, 
to a 5m x 5m grid with a resolution of 10 cm in the vertical. The surface area and volume within 
each box (Fig. 1) was binned in 0.5 m depth intervals from mean sea level (MSL) to the bottom.
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Water Quality Calibration Data
The model was calibrated to CBP monitoring data over a four year period (2007-2010) for 
WC Chl-a, DIN, DIP, and DO for boxes containing stations (Fig. 1), along with data from three 
other sources. A series o f 13 water quality surveys (WQS) were conducted from June to 
September 2008 by Lake et al. (in review). Sampling dates were selected with a three day lag 
behind the apex of spring and neap tides in order to sample the river at the peak of mixing and 
stratification, respectively, as indicated by previous studies (Haas 1977; Hass et al. 1981; 
Hayward et al. 1986) and past surveys. Parameters measured include temperature, salinity, WC 
Chl-a, DO, ko, and rates of water column primary production, pelagic respiration (surface and 
deep water), and deep channel sediment respiration using oxygen incubations. This study also 
measured sediment primary production and respiration at shoal sites four times (approximately 
monthly) at a depth of one meter below mean lower water (MLW), taking into account the daily 
tidal range.
As part of a larger water quality monitoring program, the YRE was surveyed during the 
summers of 2007 and 2008 using an Acrobat™ tow body (Sea Sciences, Inc.) equipped with a 
CTD (Falmouth Scientific Seabird), SCUFA fluorometer/turbidometer (Turner Designs), and a 
rapid response (300 ms) DO sensor (AnalysenmeBtechnik GmbH, Rostock, Germany).
Acrobat™ sensors collected spatially-referenced data four times a second with a horizontal 
resolution of 6-8 m and a vertical resolution of 5-10 cm, for a total o f 40,000-50,000 data scans 
per survey. Additional sampling and calibration details can be found in Lake et al. (in review). 
Data from five Acrobat™ monitoring surveys from spring to post neap tidal stage (representing 
the transition from minimum stratification and highest DO to maximum stratification and lowest 
DO) during June and August of 2007 and 2008 were used to calculate the volume-weighted
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(above and below the pycnocline) DO concentrations within high mesohaline and polyhaline 
segments o f the estuary using the NOAA Chesapeake Bay and Tidal Water Interpolator 
(http://archive.chesapeakebay.net/cims/interpolator.pdf). Pycnocline depths were set at 5 m and 
9 m in the high mesohaline and polyhaline regions, respectively, based on Acrobat™ results.
MPB chlorophyll-a (MPB Chl-a) biomass was measured bi-weekly from May 2008 to 
December 2008, and monthly from January 2009 to December 2010 at 7 near shore sites along 
the middle and lower portions o f the estuary (Boxes 4-8). At each site three replicate samples 
were collected (0-0.3 cm depth fraction), using a pole corer, at a depth of one meter below mean 
lower water (MLW). During the spring, summer, and fall o f 2009 additional samples were 
conducted at 30 randomly selected sites, along with depth profile samples at 6 sites collected in 
triplicate at 0.25, 0.5, 1, 1.5, and 2 meters below MLW. All samples were processed as outlined 
in Lake et al. (in review) and used to calibrate the microphytobenthos (MPB) submodel.
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Model Calibration and Skill Assessment
The YRE eutrophication model was calibrated to Ic d ,  WC Chl-a, MPB Chi-a, and surface 
and bottom water concentrations of O2 (DOs and D O b), DIN (DINs and D IN b ), and DIP (DIPs 
and DIPb) using data sources described above. Phytoplankton net primary production (PHYTO 
NPPs), MPB gross primary production (MPB GPPs), and water column and sediment respiration 
rates in the surface and bottom layers (WC Rs, WC R b , SED R s ,  and SED RB) were calibrated to 
rates measured by Lake et al. (in review). Denitrification rates were calibrated to measurements 
made in the mainstem Chesapeake Bay and Bay tributaries (Jenkins and Kemp 1984; Kemp et al. 
1990; Boynton et al 1995; Kana et al. 1998; Kana et al 2006; Boynton et al 2008; Cornwell and 
Owens 2011).
A detailed skill assessment was conducted on all model parameters where measured rates 
and concentrations were available to quantify the degree to which the model predicted the 
observations. Absolute (ABS Error), percent (% Error), and root mean square error (RMS Error) 
were calculated for each term. While no single metric is suitable for assessing the uncertainty 
related to all parameters, this combination of multiple quantitative measurements helps to define 
specific areas of uncertainty with the model.
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Model Simulations
The calibrated model simulation under current conditions (CC) (2007 - 2010) was used as a 
baseline comparison for all subsequent simulations. In order to identify the individual 
contribution of each organic matter source to the development o f bottom water hypoxia, a series 
of model simulations were conducted where each internal and external source was removed from 
the model run. For example, internal phytoplankton biomass and production was set (and held) 
at zero throughout the four year simulation. Similarly, MPB, tributary nutrients and organic 
carbon, surrounding watershed nutrients and organic carbon, and CB nutrients, phytoplankton 
biomass (utilizing WC Chl-a as a proxy for biomass), DOC, and POC were sequentially set and 
held at zero. A final model simulation was conducted without any organic matter sources to 
simulate conditions when controlled only by physical circulation of water and air-sea gas 
exchange.
Once the individual contribution of each organic matter source was isolated, model runs 
were conducted to determine how future changes in nutrient and organic matter loading into the 
YRE would affect the development of hypoxia. These simulations focused on increasing and 
decreasing tributary, watershed, and CB sources from 0.5 to 2 times current conditions to 
determine the potential for various management scenarios to mitigate hypoxia within different 
regions of the system. Rates and concentrations were averaged across the four year simulations 
to account for interannual variability.
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RESULTS
Model Calibration and Skill Assessment
Model predictions of WC Chl-a followed the CBP observations within all boxes 
throughout all four years (Fig. 3 a,b). Percent error between observations and predictions was 
relatively low for the system as a whole (11.2%), and lower for Boxes 5 - 8  (5.4%) where 
hypoxia occurs (Table 1). Dissolved oxygen concentrations in both the surface and bottom water 
also followed the observed concentrations from both the CBP and Acrobat™ surveys (Fig. 3 c-f). 
Absolute error associated with bottom water DO in Boxes 5 - 8  was less than a 0.5 mg L '1 (0.33 
mg L '1, Table 1). Modeled nutrient concentrations (DIN and DIP) were within the range of 
measured concentrations and followed the overall seasonal cycles (Fig. 3 g-j). While the percent 
error for DIN and DIP were relatively large compared to other terms due to the overall low 
concentrations, the absolute error was less than or equal to 0.1 and 0.01 for DIN and DIP, 
respectively (Table 1). Modeled MPB Chl-a (0.5 - 1 m) was within the range and near the mean 
seasonal values of the observed biomass from 2008 to 2010 in Boxes 5 - 8  (Fig. 3 k,l). Observed 
MPB Chl-tf concentrations displayed high variability throughout the sampling period, which was 
not fully captured by the model as it is likely driven by fine-scale sediment heterogeneity not 
captured by this or other traditional models; thus model error was higher at 21.7% (Table 1).
Model rates o f PHYTO NPPs varied seasonally with the highest rates in spring (March -
i
May mean of 0.76 ± 0.57 (s.d.) g C m '  d’ ) and summer (June -  Aug. mean of 0.86 ± 0.62 (s.d.) 
g C m’2 d '1), with a gradual decrease through the fall (Sept. -  Nov. mean of 0.38 ± 0.24 (s.d.) g C 
m‘2 d '1) and into winter (Dec. -  Jan. mean of 0.19 ± 0.13 (s.d.) g C m'2 d'1) (Fig. 4 a,b). These 
values were generally within the range of rates measured during summer of 2008, but slightly 
below some of the higher rates measured in Boxes 7 and 8. Absolute error associated with
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modeled PHYTO NPP in Boxes 5 - 8  was 0.23 g C m’2 d '1 (Table 1). Modeled surface water 
respiration was also within the range o f the measured rates from 2008 for Boxes 5 and 6, and 
within the lower end of the range for Boxes 7 and 8 (mean rates for Boxes 5-8 were 0.31, 0.51,
9  10.24, and 0.11 g C m~ d* during spring, summer, fall, and winter, respectively) (Fig. 4 c,d). 
Modeled bottom water respiration increased moving downstream from the mesohaline to the 
polyhaline region during the summer (0.41, 0.44, 0.51, 0.64, 0.69, and 0.62 g C m'2 d '1 in Boxes 
3 - 8 ,  respectively). The absolute errors associated with modeled rates of surface and bottom 
water respiration in Boxes 5 - 8  were 0.31 and 0.09 g C m~2 d '1, respectively (Table 1). Modeled 
MPB GPPs along the photic shoals was variable throughout the year with the highest rates 
during the summer (mean rates for Boxes 5-8 were 0.41, 0.61, 0.47, and 0.29 g C m"2 d"1 during 
spring, summer, fall and winter, respectively) (Fig. 4 g,h). Modeled sediment respiration in the
9  1 9  1surface layer increased in spring (mean 0.12 g C m' d ' ) and summer (mean 0.16 g C m d ) 
and was relatively low in the fall and winter (mean 0.06 and 0.02 g C m'2 d '1, respectively) (Fig.
4 i,j). Similarly modeled sediment respiration in the bottom layer was highest during spring and
2 1summer (mean 0.17 and 0.25 g C m‘ d' , respectively) and lower in the fall and winter (mean 
0.09 and 0.04 g C m'2 d '1, respectively) (Fig. 4 k,l). The absolute errors associated with benthic 
rates o f MPB GPPs, and surface and bottom layer respiration were 0.10, 0.09, and 0.04 g C m '2 
d"1, respectively (Table 1).
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Contribution of OM sources to Hypoxia
The contribution of internal and external organic matter sources to hypoxia varied 
temporally and spatially throughout the YRE (Fig. 5 a-h). In the two tributary boxes (1 and 2), 
upstream inputs of organic matter had the greatest impact on hypoxia in May and June, with 
more than a 20% and 25% increase in DO concentrations in Boxes 1 and 2, respectively, when 
this source was removed (Fig. 5 a,b). This contribution decreased slightly in July and August as 
internal phytoplankton production accounted for an additional 5% increase in July and 10% 
increase in August in both boxes. In the low mesohaline boxes (3 and 4), the effect of removing 
organic matter entering from the tributaries equaled that o f internal phytoplankton production 
during spring and summer, with a 10-30% increase in DO when each source was removed (Fig. 5 
c,d). Additionally, within this region the response of removing DOC from the Chesapeake began 
to play an important role in improving DO concentrations, particularly from mid-summer to late- 
fall. In the high mesohaline (Boxes 5 and 6), the contribution of internal phytoplankton 
production was equal to or slightly less than the contribution from CB DOC in late spring and 
early summer (Fig. 5 e,f). However, the contribution of CB DOC surpassed that of 
phytoplankton from July to October with an average DO increase o f 30% and > 50% in Boxes 5 
and 6, respectively. While internal phytoplankton production and advection of POC and 
phytoplankton biomass from the Chesapeake contributed significantly during the spring, summer 
and fall (resulting in a 5-15 % increase in DO concentrations during the summer), these 
improvements were much lower than the percent increase obtained by removing DOC entering 
from the lower Chesapeake Bay (> 50% increase in DO concentrations during the summer; Fig.
5 g,h).
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Contrary to these positive effects on DO associated with removing various organic matter 
sources, model simulations predicted that removal o f MPB would result in lower DO 
concentrations throughout the entire YRE during summer and fall (Fig. 5 c-g). This response 
was greatest in the mesohaline region (in particular Boxes 3 - 7 )  during the summer. A similar 
but much smaller response was predicted when phytoplankton were removed from the model 
during winter and spring. In the absence of all organic matter sources, summer average DO 
concentrations were predicted to increase from 4.4 to 84% depending on box (Fig. 5 c).
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Nutrient and Organic Matter Scenarios
Reducing nutrient loading from both the tributaries and smaller adjacent watersheds 
surrounding the YRE to 0.5 and 0.75 times current conditions did not lead to large predicted 
decreases in the average number of hypoxic or low DO days (Fig 6 a,c). Similarly, an increase 
of 1.5 and 2 times current nutrient concentrations from these two sources did not greatly increase 
the number o f days predicted to be hypoxic within any region of the YRE.
When watershed nutrient reductions were combined with reductions in organic matter 
loads, however, the predicted number low DO days decreased in both tributary boxes (Fig 6 b,d). 
This response diminished further down-river with small improvements in the number of low 
oxygen days in Box 6 (6 and 3 days for 0.5x and 0.75x, respectively), and a slight improvement 
in Boxes 7 and 8 (1-3 days). An increase in both watershed nutrient and organic matter loading 
resulted in a predicted increase in both hypoxic and low DO days throughout the estuary with the 
largest response in the tributaries and mesohaline regions o f the estuary (Fig. 6 b,d). A doubling 
of current loads resulted in an increase in the spatial extent o f low oxygen within the YRE, with 
hypoxia developing in mesohaline Boxes 4, 5, and 6, which did not occur in the baseline model 
simulation. The predicted number o f low DO days in Boxes 6 and 7 increased by 5-15 days 
under these higher loads, but only by 2-4 days in Box 8 (Fig 6 b,d).
Chesapeake Bay nutrient and phytoplankton reductions did not result in a large decrease in 
the number of days predicted to be hypoxic; however, these reductions did result in an 
improvement in the number of low DO days in Box 6 (5 and 2 days for 0.5x and 0.75x) and to a 
lesser extent Boxes 7 and 8 (Fig. 7 a,c). Conversely, increasing nutrients and phytoplankton 
entering from the lower CB resulted in a predicted increase in both hypoxic and low DO days in 
Boxes 6 - 8 .  This increase did not result in an increase in the number of hypoxic days above
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Box 6, although a doubling of current loads resulted in a slight increase in the number o f low 
oxygen days in Boxes 4 and 5.
Modeled reductions in nutrients, phytoplankton and organic matter (DOC and POC) 
entering from the lower CB resulted in the largest improvement in hypoxic and low oxygen days 
(Fig. 7 b,d). A reduction to 0.75 times current conditions to all three of these sources eliminated 
hypoxia within the polyhaline segment of the YRE, and reduced the number o f low DO days to 1 
and 9 in Boxes 7 and 8, respectively. However, increasing these inputs to 1.5 and 2 times current 
conditions resulted in very large increases in the number o f hypoxic days as well as a predicted 
increase in the spatial extent of hypoxia up to Box 4.
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DISCUSSION 
Model Skill Assessment
The model captured the seasonal cycle of phytoplankton throughout the spring, summer 
and fall, and was within the correct magnitude during each season (Fig. 3 a,b). However, in 
some instances it did fail to capture some unusually high WC Chl-a concentrations in the spring 
(Fig. 3 a). Modeled MPB Chl-a concentrations, in the 0.5 to 1 meter depth segment, for Boxes 4 
-  8 were all within the range of concentrations measured from 2008 to 2010 (Fig. 3 k,l). The 
modeled concentrations were near the seasonal mean values throughout the four year simulation; 
however, due to the patchiness of MPB on the sediment surface it is not surprising that the error 
associated with this component was larger than other state variables.
The model also captured the seasonal cycle o f dissolved oxygen in the surface water, which 
is calculated based on temperature-salinity solubility and air-water gas exchanges, as well as 
internal oxygen production by primary producers and water column and sediment respiration 
(Fig 3 c,d). The model does particularly well in the summer in Boxes 5 - 8 ,  although predicted 
winter surface DO concentrations were frequently lower than in-situ measurements, which may 
be due in part to stronger physical mixing by winter storms that acts to significantly mix the 
surface water over relatively short time scales. Since the model utilizes average daily wind 
speed and interpolated temperature and salinity between discrete sampling events, these short­
term, intense storm events are not fully captured by the model. More important to the present 
application is that the model captured both the seasonal cycle of low dissolved oxygen in the 
bottom water, along with shorter-term weekly and bi-weekly oscillations in DO as would be 
expected with the spring-neap cycle (Fig. 3 e,f).
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While the DIN concentrations simulated by the model were within the correct magnitude, 
there are periods of time, specifically when observed concentrations are low, when the model 
overestimated the concentrations within the surface water. This could be due in part to the rapid 
uptake of nutrients in the surface water by phytoplankton that may not be fully captured by the 
reduced complexity o f the model formulations. The model also captured the seasonal cycle o f 
DIP with lower concentrations in the spring and high concentrations in the fall and winter
(Fig 3 ij)-
The metabolic rates calculated by the model were calibrated to our own measurements in 
summer of 2008; however modeled rates were also within the range or slightly below those 
reported in previous studies conducted in the lower polyhaline Chesapeake Bay. The mean 
seasonal rates o f water column NPP in this study were 0.76, 0.86, and 0.38 g C m'2 d '1 (s.d. 0.57, 
0.62, and 0.24, respectively), which were near or below the seasonal rates reported by Harding et 
al. (2002) for net 14C primary production (0.70, 1.24, and 0.89 g C m’2 d'1 for the spring, summer 
and fall) in the lower bay. These mean seasonal rates fell below the average seasonal values 
calculated from Smith and Kemp’s (1995) estimates of daytime net community production 
during the spring (March to May = 2.17 g C m'2 d"1) and summer (June to August = 3.23 g C m'2 
d’1) (using a PQ of 1). The range of modeled daily rates did however, overlap the spring (0.03 - 
3.64 g C m'2 d '1) and summer (0.002 - 3.34 g C m'2 d '1) ranges reported by Smith and Kemp 
(1995). Additionally, the average fall rates were close to the average of the rates reported for 
September and November (0.41 g C m*2 d '1) by Smith and Kemp (1995).
Model estimates of MPB GPPs were within the range of rates measured during the 2008 
metabolic experiments. These rates varied on both daily and seasonal timescales, and were 
primarily controlled by the amount o f light reaching the sediment surface. It should be noted
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that these rates were normalized to the sediment surface area within each surface box (i.e.
sediment surface area above the pycnocline), rather than the total surface area o f each box, which
would also include the deep channel.
Modeled SED Rb rates for Boxes 5 - 8  overlapped the range reported by Cowan and
Boynton (1996) for the lower bay stations (0.12 and 0.29 g C m'2 d '1) (using an RQ =1).  The
modeled spring (mean = 0.17 g C m'2 d '1) and summer (mean = 0.25 g C m'2 d*1) rates from this
study matched the calculated seasonal rates reported in Cowan and Boynton (1996) (0.17 and
0.27 g C m'2 d '1, respectively). However, the fall and winter rates from this study were below
their reported rates for September-November (mean = 0.21 g C m'2 d"1) and December-February 
2 1(mean = 0.16 g C m' d' ). While the seasonal average rates from this study were below the
range reported by Boynton and Kemp (1985) for the lower Bay site in May (0.45 g C m '2 d '1) and 
2 1August (0.45 g C m '  d‘ ) (RQ = 1), they were near the monthly average rates for Box 8 from this 
study (May = 0.31, Aug. = 0.39 g C m'2 d '1).
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Current Conditions
Utilizing our baseline model simulations to represent current conditions within the YRE, 
the average yearly number of hypoxic days (< 2 mg L '1) over the four year simulation was 7 and 
12 for Boxes 7, and 8, respectively. While the effect that these low oxygen conditions have on 
the species that utilize the deep-water of the YRE varies from species to species, the EPA set the 
minimum 1-day mean for deep-water at > 2.3 mg L’1 (US EPA 2003) . This minimum DO 
concentration is cited as the theoretical minimum for the survival and recruitment o f open-water 
juvenile and adult fish. In addition to violating this 1-day mean criterion, the lowest modeled 
daily DO concentrations also violated the deep-water instantaneous minimum criterion of 1.7 mg 
L '1 in the months of July, August and September in Boxes 7 and 8.
Average modeled monthly DO in all boxes did remain above the 30-day mean EPA 
criterion of 3.0 mg L '1. However, average monthly concentrations for Boxes 7 and 8 were only 
just above this criterion at 3.49 and 3.10 mg L '1 during July, and 3.76 and 3.57 mg L"1 during 
August, respectively. This 30-day mean criterion is cited as the minimum necessary for the 
survival and recruitment of bay anchovy eggs and larvae. The baseline model run from 2007 to 
2010 simulated an average of 10, 18, and 29 days below 3.0 mg L"1 for Boxes 6, 7, and 8, 
respectively. While the effect that low oxygen conditions has on a species utilizing these deeper 
regions of the Bay is continuing to be studied, this baseline analysis indicates that bottom water 
oxygen conditions need to improve in order to provide essential habitat for multiple species 
within the bay.
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Contribution of Internal and External Organic Matter Sources to Hypoxia
By isolating the individual contributions of each organic matter source to its associated 
reduction in DO concentrations, this analysis was able to determine how these multiple sources 
contributed to oxygen uptake both spatially within the YRE, and also temporally throughout the 
year (Fig. 5). The lower portions of the Mattaponi and Pamunkey Rivers were most strongly 
influenced by organic matter entering from the upstream watershed. This effect was particularly 
important in May and June when eliminating tributary organic matter resulted in a > 1 mg L"1 
increase in DO concentrations in both boxes. Internal phytoplankton production was also an 
important source that reduced bottom water oxygen concentrations within these two boxes; 
however, its contribution was relatively more important later in the summer; potentially after the 
high winter and spring organic matter loads from the tributaries began to decrease following the 
annual spring freshet.
The low mesohaline region (Boxes 3 - 4 )  responded most significantly to the removal of 
tributary derived organic matter and internal phytoplankton production. This is not surprising 
since this area, as well as the adjacent tributary boxes upstream, are the primary location of the 
annual spring bloom based on CBP data. While average monthly oxygen concentrations in these 
two boxes remained above 3.0 mg L’1 throughout the year, the minimum July DO concentration 
in Box 4 was 3.75 mg L '1. Additionally, the contribution o f advected DOC from the lower 
Chesapeake Bay played an equally important role in reducing DO concentrations in Box 4, 
particular in the mid-summer and into the fall. The model simulations suggest that this labile 
material is continually respired as it is transported upriver (via estuarine circulation), resulting in 
bottom water oxygen concentrations in Boxes 3 and 4 that are 1 — 1.5 mg L"1 lower than 
simulations where CB DOC is removed.
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The high mesohaline region (Boxes 5 and 6) represent a transition zone where the influence 
of the organic matter being advected in from the lower Chesapeake Bay begins to surpass the 
contribution of both internal phytoplankton production and tributary derived organic matter. 
Within Box 5, removing phytoplankton increased DO concentrations by 0.7, 1.2, and 0.9 mg L 1 
during June, July and August, respectively. During this time period removal o f CB DOC 
resulted in a 1.3, 1.9, and 1.7 mg L '1 increase in DO. This trend was further emphasized down 
river in Box 6 where removal of CB DOC surpassed the effect of all other sources throughout the 
year. Removal of CB DOC improved oxygen concentrations in Box 6 by 1.9, 2.7, and 2.5 mg L'
1 during June, July and August, respectively. In comparison the combined effect of removing 
both tributary organic matter and internal phytoplankton production was 1.3, 1.2, and 0.9 mg L 1 
over the same period.
The contribution of CB DOC in the polyhaline region (Boxes 7 and 8) was sufficient to 
reduce DO concentrations in this region by approximately 1.8, 2.9, and 2.7 mg L '1 during June, 
July and August, respectively. This result emphasizes the strong interconnection between these 
shallow tributary estuaries and the mainstem Chesapeake Bay. Harding and Perry’s (1997) 
analysis o f long-term phytoplankton biomass in the CB indicated that WC Chl-a in the seaward 
region of the Bay increased 5-10 fold from 1950 to 1994. They related this increase in biomass 
to the increase in nitrogen loading and continually lessening of nitrogen limitation within the CB. 
This phytoplankton biomass consequently increases the concentration of DOC and POC as this 
labile material sinks out of the photic zone. Once this material sinks into the bottom water it is 
subject to up estuary transport via estuarine circulation, where it can enter the adjacent sub­
estuaries.
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The organic matter reduction simulations also illustrated the importance of MPB within 
this shallow tributary estuary. We had originally hypothesized that MPB on the extensive photic 
shoals in this system could be a major source of carbon that is resuspended and advected laterally 
into the deep channels where it would contribute to hypoxia. However, our recent carbon budget 
for the YRE indicated that MPB only contributes approximately 10 % of total summer primary 
production within the system (Lake et al. in review), and model simulations actually indicated 
lower DO in the absence of MPB (Fig. 5). This result suggests that despite their relatively small 
contribution to production of organic carbon, the ecological role o f MPB in the YRE is likely 
much more significant. The decrease in modeled DO in the absence of MPB is probably due to 
their ability to acquire nutrients from both the sediments and also the overlying water column. In 
recent years, a number of MPB studies along the mid-Atlantic U.S. have provided insight into 
the ecological importance of MPB in very shallow embayments, serving as a sediment cap that 
retains nutrients in the sediment and prevents their release into the overlying water column where 
they can fuel phytoplankton growth (Underwood and Kromkamp 1999; Anderson et al. 2003; 
Tyler et al. 2003). Model results suggest that if MPB were not present along the shallow photic 
shoals, oxygen conditions would be lower as a result of additional sediment nutrient releases 
being available to the water column phytoplankton community. This additional phytoplankton 
biomass would ultimately be respired within both the water column and sediments in the shallow 
and deep portions of the YRE, driving higher respiration rates and consequently lower bottom 
water DO.
128
Simulated Changes in Nutrient and Organic Matter Loading
Simulations in which external loading was increased and decreased indicated that changes 
in nutrient loads from the tributaries and surrounding watersheds did not have a substantial effect 
on the number of low oxygen or hypoxic days (Fig. 6a,c). This is likely due in part to the largely 
forested, rural land use in the YRE watershed, which is unique for a CB tributary. This is not to 
suggest that increasing nutrient loads did not have any effect on the system; these scenarios 
resulted in an increase in predicted chlorophyll-#, sediment carbon concentrations, and 
respiration rates (results not shown). However, these ecological changes did not combine to 
decrease the oxygen concentrations sufficiently to increase the number of days below 3 or 2 mg 
L-1.
Changing both nutrient and organic matter loading from the tributaries and watershed by 
the same magnitude did result in large changes in both tributary boxes, with sizeable but 
diminishing effects downstream (Fig. 6b,d). This indicates that organic matter load reductions 
obtained by improving shoreline buffer zones and reducing watershed runoff (along with other 
mitigation strategies) may help alleviate low oxygen conditions in the tributaries and to a lesser 
extent improve conditions in the mesohaline portion of the system. The continued development 
of the upper watershed and wetland loss/degradation has the potential to result in an increase in 
the amount o f organic matter entering the YRE which is predicted to have a negative impact on 
the degree of hypoxia.
In contrast to the effect of changes in watershed loads, nutrient and phytoplankton 
reductions from the lower CB into the YRE primarily benefited Boxes 6 - 8 ,  although reducing 
these sources to half of their current concentrations did not change the number o f hypoxic days 
in this region (although it did decrease the number o f days with DO < 3 mg L '1) (Fig. 7a,c).
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Increasing these loads did however have a large impact on conditions in these boxes. While 
current management efforts are focused on reducing nutrients entering the CB by implementing 
best management practices and improving wastewater treatment facilities, the short-term realized 
effect of these reductions may be diminished initially due to the legacy effect from nutrient 
regeneration within Bay sediments. If past trends o f increasing chlorophyll-^ in the lower CB 
continue the model simulations suggest that the severity and extent o f hypoxia will increase in 
the near term, potentially doubling the number o f hypoxic days in Boxes 6 - 8 ,  while also acting 
to drive oxygen concentrations below 3 mg L '1 in Boxes 4 and 5 (Harding and Perry 1997).
As with tributary scenarios, organic matter (DOC and POC) inputs from the Chesapeake 
Bay had a much larger effect on oxygen concentrations in the lower YRE and all the way to Box 
4 (Fig. 7b,d). Assuming that current and future management plans begin to reduce the 
concentrations of nutrients, phytoplankton biomass, and organic matter (DOC and POC) entering 
from the CB, model simulations indicated that a 25% reduction in all of these sources will 
eliminate hypoxia in the mesohaline and polyhaline regions. Additionally, this reduction would 
reduce the number o f low oxygen days to 1 and 9 in Boxes 7 and 8, respectively.
The realized effect o f reducing both watershed and Chesapeake Bay sources will likely be 
initially diminished due to a corresponding legacy effect that the model does not account for in 
these simulations. While point source reductions can directly limit the contribution from specific 
sources (i.e. wastewater treatment facilities), other important sources including atmospheric 
exchange, septic tank leaching, ground water discharge, nutrient regeneration within the 
sediments, and other positive feedbacks will likely delay the predicted improvements discussed 
above. Future studies will be needed to determine the appropriate CB reductions strategies 
needed to yield the improvements require to eliminate bottom water hypoxia in this tributary
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estuary. The results of this study indicate that if  past trends are not reversed that future increases 
in organic matter and nutrients from the CB will lead to lower oxygen conditions throughout the 
mesohaline and polyhaline regions of the YRE. This is particularly true in the face o f future 
climate change, which will likely affect freshwater input to this system, modify density driven 
stratification, during a period of time when atmospheric and water temperatures are increasing.
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CONCLUSIONS
The results of this study highlight the contribution o f various organic matter sources to the 
reduction of bottom water oxygen concentrations along the YRE (Fig. 8). Model simulations 
indicate that a multifaceted management strategy may be required to adequately mitigate hypoxia 
within this shallow tributary estuary. Watershed and tributary derived organic matter loading 
reductions are required to mitigate low oxygen conditions in the tributaries and low mesohaline 
region, and may also benefit the high mesohaline region. However, to mitigate periodic hypoxia 
in the most susceptible region, the polyhaline, management strategies need to focus on reducing 
advective inputs o f labile organic matter from the lower mainstem Chesapeake Bay.
While most management approaches have historically focused on near field, controllable 
inputs in the upland watershed, the YRE appears to be a case where the far field sources are 
more important, which may be a common issue in other tributary estuaries that drain into highly 
impacted systems like the Chesapeake. Controlling these far field sources is more difficult than 
near field sources because they require more of a regional management effort. The YRE also 
appears to be a case where external inputs of fixed carbon, rather than watershed nutrient inputs 
(or nutrients advected into the system) are the primary cause of hypoxia. However, model 
simulations indicate that without nutrient uptake by MPB , it is likely that controlling these 
external nutrient sources would become more important; for this reason it is increasingly 
important to control sediment inputs to maintain adequate light penetration to support MPB 
photosynthesis. Finally, we need a better understanding of how these potential management 
scenarios will be affected by ongoing climate change, which will likely affect freshwater input to 
this system and modify density driven stratification during a period of time when atmospheric
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and water temperatures are increasing. These climate changes will likely alter the potential 
improvements in DO predicted by our model under the load reduction scenarios.
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CHAPTER 2 - FIGURES
Figure 2-1. Map of the York River estuary and the Chesapeake Bay (insert), including box 
model boundaries, the surrounding watershed, and long-term Chesapeake Bay Program (bulls 
eyes) monitoring stations. Boxes 1 and 2 are located within the lower Mattaponi and Pamunkey 
Rivers, respectively. Boxes 3 and 4 are located in the low mesohaline, Boxes 5 and 6  in the high 
mesohaline, and Boxes 7 and 8  in the polyhaline portion o f the estuary.
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Figure 2-2. Diagram of the intermediate-complexity eutrophication model. State variables, 
major flows (with arrows), and major connections (without arrows) are depicted. Flows that 
consume material (e.g. nutrient uptake, oxygen consumption, loss o f biomass) are shown with 
solid lines. Flows which produce material (e.g. remineralization, photosynthetic oxygen 
production) are shown with broken lines. To reduce the complexity of the figure, all respiratory 
demands are shown as being integrated into an estimate o f total water column respiration (Rwc), 
which draws from the oxygen pool and remineralizes N and P. The effect o f temperature (T) on 
most state variables and flows has likewise been excluded. WS = watershed, AT = atmospheric. 
All other terms are defined in the text. Symbols are those o f Odum (1994). Adapted from Brush 
and Nixon (submitted).
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Figure 2-3. Measured (large black points, CBP) and modeled (small gray points) (a, b) surface 
water column chlorophyll-a, (c, d) surface and (e, f) bottom dissolved oxygen, and (g, h) surface 
dissolved inorganic nitrogen and (i, j) phosphorus for Boxes 4 and 8 , respectively. Volume 
weighted dissolved oxygen concentrations sampled during the 2007 and 2008 Acrobat™ surveys 
are included as triangles in panels d and f. Dashed lines in panels e and f  represent hypoxic 
conditions (< 2 mg L '1). (k, 1) Measured (1 m below mean low water) and modeled (0.5 -  1 m 
depth segment) MPB chlorophyll-a in Boxes 5 and 8 , respectively (MPB biomass was not 
measured in Box 4).
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Figure 2-4. Measured (large black points) and modeled (small gray points) rates o f (a, b) 
phytoplankton net daytime production, (c, d) surface and (e, f) bottom layer water column 
respiration, (g, h) MPB gross primary production within the surface layer, and (i, j) surface and 
(k, 1) bottom layer sediment respiration. Measured water column and sediment metabolic rates 
were calculated from samples collected during the 2008 water quality surveys (2008 WQS).
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Figure 2-5. Percent change in predicted dissolved oxygen concentrations (deviation from 
baseline model simulation) for eight scenarios in which individual organic matter sources were 
removed. Values represent mean changes over a four year model simulation. Phyto = water 
column phytoplankton, MPB = microphytobenthos, Trib OM = tributary dissolved and 
particulate organic matter, WS OM = watershed dissolve and particulate organic matter, CB 
POC = particulate organic matter from the Chesapeake Bay, CB DOC = dissolved organic matter 
from the Chesapeake Bay, CB WC Chl-a = chlorophyll-a (as a proxy for phytoplankton 
biomass) from the Chesapeake Bay, and None = all sources removed.
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over a four year simulation. Scenarios included changing (a, c) nutrient and (b, d) nutrient and 
organic matter (DOC, POC) loading from one half (0.5x) to double (2x) the current loads.
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Figure 2-7. Annual number o f hypoxic (< 2mg L '1) and low oxygen days (< 3 mg L '1) within 
each model box predicted under various Chesapeake Bay input scenarios, averaged over a four 
year simulation. Scenarios included changing (a, c) nutrient and chlorophyll-a and (b, d) 
nutrient, chlorophyll-a, and organic matter (DOC, POC) concentrations in the mainstem 
Chesapeake Bay from one half (0.5x) to double (2x) the current values.
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Figure 2-8. Relative seasonal (May -  September) contribution o f various organic matter sources 
to the reduction of bottom water oxygen concentrations along the York River estuary (YRE).
The thickness of each line corresponds to the percent change in predicted dissolved oxygen 
concentrations (deviation from baseline model simulation) in each region based on model 
simulations. Only those sources that contributed to a greater than 1% change in bottom water 
oxygen concentrations were included. YRE Phyto = water column phytoplankton, YRE MPB = 
microphytobenthos, Trib OM = tributary dissolved and particulate organic matter, CB POC = 
particulate organic matter from the Chesapeake Bay, CB DOC = dissolved organic matter from 
the Chesapeake Bay, and CB Phyto. = phytoplankton biomass (calculated using chlorophyll-a as 
a proxy) from the Chesapeake Bay.
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Chapter 2 - TABLE
Table 1. Skill assessment metrics for all parameters where measured concentrations or rates 
were available, averaged over all model boxes and Boxes 5 - 8  where hypoxia occurs. ABS = 
absolute, % = percent, and RMS = root mean square error. The number o f measured and 
modeled values compared for each parameter is listed at the top o f each column. All abbreviated 
terms are defined in the text.
162
Bo
xe
s 
5-
8 
Al
l 
Si
te
s
K„ PHYTO MPB DOs DO„ DINS DIN„ DIPS DIPB PHYTO WC WC MPB SED SED
Chl-o Chl-o NPPs Rs Rb GPPs Rs Rb„ =  449 252 135 249 215 252 244 255 244 52 52 52 16 16 52
ABS 
Error
% Error
RMS
Error
n =
ABS
Error
% Error
RMS
Error
0.27 0.78 10.72 0.69 0.63 0.03 0.05 0.01 0.01 0.23 0.31 0.09 0.10 0.09 0.04
17.11 11.23 21.68 8.53 9.00 38.07 52.81 37.60 39.09 46.21 38.88 17.16 26.01 44.36 24.78
0.55 7.92 31.77 1.63 1.77 0.08 0.10 0.02 0.02 1.28 0.79 0.36 0.13 0.15 0.08
417 81 132 82 61 82 82 84 83 52 52 52 16 16 52
0.27 0.33 10.86 0.38 0.33 0.04 0.07 0.00 0.00 0.23 0.31 0.09 0.10 0.09 0.04
18.04 5.39 21.19 4.79 4.34 136.15 253.34 16.52 29.35 46.21 38.88 17.16 26.01 44.36 24.78
0.51 3.79 32.10 1.07 1.14 0.09 0.13 0.01 0.02 1.28 0.79 0.36 0.13 0.15 0.08
<T*u>
CHAPTER 3
164
Modeling the Response to External Load Reductions in a  Warmer Climate: 
Primary Production, Net Ecosystem Metabolism, and Hypoxia in the York River Estuary,
Virginia
Samuel J. Lake1 and Mark J. Brush 
Virginia Institute of Marine Science,
College of William and Mary, Gloucester Point, VA 23062 USA
1 Corresponding author:
Email: sjlake@vims.edu 
Phone Number: (804) 684-7918 
Fax: (804) 684-7293
Keywords: York River Estuary, Ecosystem Model, Hypoxia, Climate, Primary Production, Net 
Ecosystem Metabolism
165
ABSTRACT
Determining the ecological effects of climate induced warming on coastal marine 
ecosystems will be particularly complicated within shallow tributary estuaries due to the 
complex cycling of nutrients and organic matter in these systems, diversity o f primary producers, 
enhanced benthic-pelagic coupling, and advection o f nutrients, labile organic matter, and 
hypoxic water from adjacent systems via estuarine circulation. This study utilized an 
intermediate complexity eutrophication model developed for the York River estuary (YRE), VA, 
USA to predict how water column primary production, net ecosystem metabolism (NEM), and 
hypoxia will change within this sub-estuary o f Chesapeake Bay under a range o f warmer climate 
conditions. Water column primary production was predicted to respond positively to warmer 
climate in the winter and spring throughout most of the YRE, while decreasing in the summer 
and fall within the high mesohaline and polyhaline regions. These changes in primary 
production, along with increasing rates of water column and sediment respiration, caused the 
lower portions of the YRE tributaries as well as portions of the low mesohaline YRE to become 
more autotrophic, presumably due to increased rates o f nutrient cycling. However, NEM was 
predicted to decrease during the spring, summer and fall throughout the rest o f the estuary. 
Warmer temperatures increased both the temporal and spatial extent of hypoxia (< 2 mg L '1) 
predicted by the model, with the tributaries experiencing a relatively constant increase in the 
number of hypoxic days during the late spring and early summer. Low oxygen conditions in the 
polyhaline region, which is currently the most susceptible region to hypoxia, increased more 
rapidly with increasing temperatures. Offsetting this spatial and temporal increase in low oxygen 
with climate warming will require additional nutrient and organic matter load reductions from
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the tributaries, surrounding watersheds, and the Chesapeake Bay in order to achieve the same 
level of improvement predicted in the absence of a warming climate.
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INTRODUCTION
Estuaries represent some of the most anthropogenical 1 y altered marine ecosystems 
worldwide, which is in large part due to their historical importance as maritime ports that have 
evolved into present day metropolitan areas (Cooper and Brush 1993; de Jonge et al. 1994;
Cloem 2001; Boesch 2002). Many of the initial human impacts on these systems included direct 
alterations via logging surrounding watersheds, draining wetlands, damming rivers, water 
diversion projects, and channel dredging (Dynesius and Nilsson 1994; Lotze 2010). By the mid- 
17th century European settlers had significantly altered the Chesapeake Bay watershed, initiating 
the cultural eutrophication of the Bay (Cooper 1995; Brush and Davis 1984; Brush 2009). From 
this period forward the Chesapeake Bay would be directly influenced by continued pollution, and 
elevated rates o f organic matter, nutrient, and sediment loading (Goldberg et al. 1978; Brush and 
Davis 1984; Zimmerman and Canuel 2000; Kemp et al. 2005).
More recently, these highly productive and economically important systems have been 
subject to another more indirect human influence, climate change (Nixon et al. 2009; Smith et al. 
2010; Doney et al. 2012). The effect of climate change and the associated ecological responses 
within marine systems is often difficult to directly quantify due to interannual and seasonal 
variability in climatic conditions, as well as unrelated concurrent ecological changes within the 
ecosystem (Murdoch et al. 2000; Scavia et al. 2002; Oviatt 2004; Cloem and Jassby 2008; 
Whitehead et al. 2009). A number of recent studies have begun to link predicted climatological 
changes to important ecological cycles in an effort to gain insight into how marine systems might 
respond to future changes (Najjar et al. 2010; Canuel et al. 2012; Doney et al. 2012). While it is 
important to continue to develop our broad understanding o f how multiple stressors related to 
climate change will impact a range of systems, it is also important to understand how specific
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systems will respond to the individual effects of climate change. This study focused on 
quantifying the effect of a warming climate on primary production, net ecosystem metabolism 
(NEM), and the development of hypoxia in the York River estuary (YRE), a sub-estuary of 
Chesapeake Bay.
Over the past century, atmospheric temperatures have increased globally by 0.74 °C (±
0.18) (IPCC 2007), while mean global ocean surface temperatures (0-300 m) have increased by 
0.31 °C since 1950 (Levitus et al. 2000). Within the Chesapeake Bay, surface waters have 
increased approximately 1 °C from 1960 to 1990 (Najjar et al. 2010). A recent, multi-model 
climate analysis for the Bay region, under enhanced greenhouse gas concentrations, predicted an 
increase of 1.1 ± 0.4, 2.3 ± 0.6, and 3.9 ± 1.1 °C above the 1970-2000 conditions for 2010-2039, 
2040-2069, and 2070-2100, respectively (Najjar et al. 2009). While Najjar et al. (2010) did not 
directly estimate the effect this increase in air temperature would have on water temperatures in 
the Chesapeake Bay, they did note the positive correlation between water temperatures in the 
Bay and regional atmospheric and ocean temperatures measured in previous studies, and 
suggested that these climate model projections could be applied directly to the Bay.
The physical response of the Chesapeake Bay to a warming climate will likely result in 
relatively higher rates of evaporation, reduced dissolved oxygen saturation, and seasonal changes 
in density-driven stratification. These physical changes together with enhanced metabolic rates 
due to elevated temperatures will modify the cycling of nutrients within the Bay, and potentially 
alter the timing and community composition of phytoplankton blooms, including increases in 
toxic species (Edwards and Richardson 2004; Oviatt et al. 2002; Paerl and Huisman 2008, 2009; 
Nixon et al. 2009; Paerl and Otten 2013). The realized effect o f these ecological shifts is still 
largely unknown, however it is likely that rates of primary production will change with warming
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temperatures, which has been cited as a potential factor causing the decline o f the typical winter- 
spring phytoplankton bloom and reduced rates of annual primary production in Narragansett 
Bay, RI (Oviatt et al. 2002; Nixon et al. 2009). Increasing temperatures also have the potential 
to decrease NEM and enhance the degree of net heterotrophy in coastal systems given the strong 
dependence o f pelagic and sediment respiration on water temperature (Hopkinson and Smith 
2005) and the greater sensitivity of respiration to temperature compared to production (Lopez- 
Urrutia et al. 2006; O’Connor et al. 2009). O ’Connor et al. (2009) demonstrated that increasing 
temperature alone could result in increased primary productivity, decreased total biomass, 
stronger consumer control o f primary production, and a shift in pelagic food web structure in 
planktonic communities. However, this response was limited to nutrient-enriched treatments, 
indicating an interaction between enrichment and temperature. Additionally, within the 
Chesapeake Bay it is likely that continued warming will result in the reduction of important 
habitat including Zostera marina beds and marshes, as a result o f temperature stress over 
prolonged warm periods (Moore et al. 2012) and sea level rise (Perry and Hershner 1999; Perry 
and Atkinson 2009).
Warming air and water temperatures also have the potential to complicate ongoing efforts
to restore estuaries through nutrient load reductions (e.g., US EPA 2010) (Moss et al. 2011).
This may be especially true in relatively shallow tributary estuaries that drain into larger systems,
such as the many sub-estuaries that flow into the Chesapeake Bay, including the York River
(Fig. 1). The response of tributary estuaries to a warming climate will be complicated given the
complex cycling of nutrients in these systems, the presence of extensive photic shoals which
leads to enhanced benthic-pelagic coupling and benthic primary production by
microphytobenthos (MPB), and the importance of allochthonous inputs of labile organic matter
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both from the watershed and via estuarine circulation where the sub-estuaries meets their parent 
systems. The development of hypoxia in the YRE has long been linked not only to watershed 
nutrient inputs, but also advection of nutrient and organic matter (OM) rich water from the 
mainstem Chesapeake Bay, along with variable physical mixing processes, both tidal and wind 
driven (Haas 1977; Kuo and Nielson 1987; Sharpies et al. 1994; Lake et al. in review). A recent 
effort to quantify the major sources o f organic carbon to the YRE indicated that phytoplankton 
production greatly exceeded the estimated inputs of OM from the tributaries and surrounding 
watershed, but highlighted the large input of OM from the Chesapeake Bay via estuarine 
circulation which amounted to 65% of internal phytoplankton production (Lake et al. in review). 
Additionally, a recent modeling analysis focused on assessing the role of multiple organic matter 
sources that drive the YRE to hypoxia indicated that different regions of the system will require 
different management efforts to offset hypoxia, with localized watershed reductions improving 
conditions up river and more regionally-driven reductions from the Chesapeake Bay having the 
greatest impact in the lower river (Lake and Brush in prep). Given the many potential impacts of 
climatic warming on estuarine community composition and rate processes, it is likely that the 
effect of external load reductions identified in that study to mitigate hypoxia will need to be 
enhanced in order to achieve the same level o f improvement under a warming climate.
The purpose of the present study was to utilize an intermediate-complexity model recently 
developed for the YRE (Fig. 2) to predict the effect o f climate warming on the YRE ecosystem, 
and expand our previous analysis o f external load reductions to include the interactive effects of 
these reductions with climate warming. The intermediate-complexity approach incorporates 
both traditional mechanistic approaches and robust, cross-system empirical functions to constrain 
key rate processes, which helps limit excessive parameterization and error propagation from
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loosely constrained variables (Reckhow 1999; Pace 2001; Brush et al. 2002). Reduced 
complexity models have been widely used as synthesis tools, to address complex sets of 
hypotheses related to ecosystem function, and to inform coastal management (Stow et al. 2003; 
Brush 2004; Scavia et al. 2004, 2006; Swaney et al. 2008; Brush and Nixon in review, Lake and 
Brush in prep). While the effect of climate change on the YRE will not be limited to increasing 
temperatures, but also include effects o f increased precipitation, storminess, and rates of sea level 
rise (Najjar et al. 2010), our purpose here is to begin with the first order effect of temperature and 
its interactions with external loading on ecosystem function and hypoxia.
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METHODS 
Site Description
The YRE is formed by the confluence o f the Mattaponi and Pamunkey Rivers near West 
Point, Virginia, approximately 55 km from where the river enters the mainstem of the 
Chesapeake Bay on its western edge (Shen and Haas 2004) (Fig. 1). The overall land use 
surrounding the YRE is predominantly rural with 62% forested and 16% agricultural (Dauer et 
al. 2005). The estuary is flanked by shallow photic shoals (< 2m), which comprise 40% of the 
estuary by area (Rizzo and Wetzel 1985). The YRE oscillates between stratified and well-mixed 
conditions due to the physical mixing of the spring-neap tidal cycle, which has been well 
documented in past studies (Haas 1977; Hayward et al. 1982; Kuo and Neilson 1987; Diaz et al. 
1992). This unique physical mechanism creates the potential for continued formation and 
disruption of bottom water hypoxia from late May to early September within the lower half of 
the estuary.
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Linkage Between Air and Water Temperature
Current predictions of temperature increases for the Chesapeake region are for air (i.e., 1.1 
°C by 2039,2.3 °C by 2069, and 3.9 °C by 2100; Najjar et al. 2009), so we first needed to assess 
how these changes in air temperature might translate to water temperature. Chesapeake Bay 
water temperature measurements from 1949 -  1982 and 1984 -  2012 were downloaded from the 
CBP website (www.chesapeakebay.net). Measurements made in the polyhaline Chesapeake Bay 
from 1949 to 1982 were organized into three depth segments: surface water, 2 meters below the 
surface, and bottom water. Similarly, measurements from 1984 to 2012 were sorted by the same 
3 depth segments for the polyhaline Chesapeake Bay and Box Model regions 1 - 3  and 4 - 8 .  
These water temperature measurements were then paired with mean monthly air temperature 
measurements from Norfolk International Airport, which were downloaded from the NOAA 
National Climatic Data Center (www.ncdc.noaa.gov/oa/ncdc.html).
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Intermediate Complexity Eutrophication Model
Lake and Brush (in prep) adapted a model to the YRE that combines the benefits o f both 
empirical and mechanistic modeling approaches into an intermediate-complexity, shallow marine 
ecosystem model (Brush 2002, 2004; Brush et al. 2002; Brush and Brawley 2009; Brush and 
Nixon 2010, in review). This approach includes only those state variables and rate processes of 
primary importance to the process o f estuarine eutrophication, and integrates robust empirical 
relationships that have been shown to apply across a wide range of temperate estuaries to predict 
key rate processes. State variables include pools o f carbon (C), nitrogen (N), phosphorous (P) in 
phytoplankton (PHYTO) and microphytobenthos (MPB), water column pools o f labile organic 
carbon (Cwc) and its associated N and P, dissolved inorganic N (DIN) and P (DIP), dissolved 
oxygen (DO or O2), and the pool of recently deposited, labile organic carbon in the sediments 
(C sed) and its associated N and P (Fig. 2). Full details regarding model formulations and 
specific calibration to the YRE can be found elsewhere (see above). In the following paragraphs 
we briefly outline the major components of the model and highlight the key processes that are 
temperature dependent given the focus o f this paper on climatic warming; these have been 
highlighted on Figure 2.
Phytoplankton biomass is simulated as a single aggregated pool, with net primary 
production (NPP) computed from a temperature dependent “light * biomass” (BZI) function 
(Brush et al. 2002; Brush and Brawley 2009). The benefit o f this approach is that the empirical 
BZI models are rooted in direct measurements (14C) of productivity that have been shown to 
apply across a wide range of systems, and produce predicted rates directly comparable to 
observations (i.e., g C m'2 d '1 rather than growth rates). Phytoplankton biomass is lost to 
physical exchange and heterotrophic processes within the water column and sediments, both
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exponential functions o f temperature. In an effort to reduce model uncertainty and eliminate 
loosely constrained parameters, a single aggregated pelagic heterotrophic function was utilized, 
which computes plankton community respiration (on both autochthonous and allochthonous OM 
sources) as a function of temperature and moving-average chlorophyll-# biomass. Since shallow 
marine systems are characterized by strong benthic-pelagic coupling, an empirically-based, well- 
constrained, system-level relationship between annual sediment carbon remineralization and total 
annual carbon input from primary production and allochthonous inputs was used to estimate the 
labile pool of organic carbon reaching the sediment surface (Nixon 1986). Respiration of this 
labile carbon pool is driven as an exponential function of temperature.
MPB are simulated with a recently developed submodel (Brush et al. in prep), formulated 
using metabolic rates measured in the YRE, the New River estuary, NC and the lagoons of the 
Delmarva Peninsula. MPB production and respiration are simulated at 0.5 meter depth intervals 
within each box, as a function of temperature and irradiance at depth (Brush et al. in prep). All 
production and respiration functions described above stoichiometrically produce or consume 
DO, DIN, and DIP, so these cycling rates are indirectly dependent on temperature.
Denitrification rates are also based on a temperature-dependent function calibrated to 
measurements made in the mainstem Chesapeake Bay and Bay tributaries (Jenkins and Kemp 
1984; Kemp et al. 1990; Boynton et al 1995; Kana et al. 1998; Kana et al 2006; Boynton et al 
2008; Cornwell and Owens 2011), and modified to account for the effects o f low DO as 
described by Lake and Brush (in prep). Finally, air-sea diffusion o f oxygen is computed as a 
function of wind speed and the concentration at saturation, which is in turn a function of water 
temperature and salinity.
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The ecosystem model is coupled to an Officer (1980) two-layer box model, which 
computes both advective (gravitational circulation) and non-advective (tidal) volumetric 
exchanges among coarse spatial elements as a function of forced salinity and freshwater inputs. 
Although box models necessarily lose spatial resolution compared to higher resolution 3-D 
hydrodynamic circulation models, they nonetheless reproduce typical down-estuary and surface 
to bottom gradients, operate at the typical scale of available monitoring data (e.g., Fig. 1), are 
driven by exchanges that are constrained by observations, and enable fast run times (minutes on 
personal computers), which makes possible the multiple runs required for adequate calibration, 
sensitivity analysis, and forecasting scenarios. Recent work has confirmed the utility of boxed 
approaches (Menesguen et al. 2007; Testa and Kemp 2008; Kremer et al. 2010).
The model was implemented in eight boxes along its axis (Fig. 1). These regions were 
designated based on long term water quality monitoring by the EPA Chesapeake Bay Program 
(CBP) and the presence o f hypoxia during our own monitoring surveys (see Lake et al. in 
review). The two upstream sites (Boxes 1 and 2) are located within the lower Mattaponi and 
Pamunkey Rivers, respectively. Boxes 3 and 4 are located in the low mesohaline, while Boxes 5 
and 6 are located in the high mesohaline portion of the estuary, which are typically characterized 
as having little to no signs of hypoxia. The two downstream polyhaline regions (Boxes 7 and 8) 
have been observed to develop periodic hypoxia during past monitoring surveys and in previous 
studies (Kuo and Neilson 1987; Kuo et al. 1993; Lake et al. in review).
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Model Calibration and Skill Assessment
Lake and Brush {in prep) calibrated the model to available observations from 2007 to 2010. 
Model predictions o f phytoplankton chlorophyll-a and dissolved oxygen followed the 
measurements made by the CBP within all boxes, throughout all four years. The percent error 
observed between measured chlorophyll-a concentrations and modeled values was relatively low 
for the whole system (11.2%), and lower for Boxes 5 - 8  (5.4%) where hypoxia occurs. The 
absolute error associated with bottom water DO in Boxes 5-8 was less than 0.5 mg/L (0.33). 
Predicted phytoplankton NPP was within the range of metabolic experiments conducted in 2008 
and previous studies in the Chesapeake Bay (Smith and Kemp 1995; Harding et al 2002), 
although the model slightly underestimated some o f the higher rates measured in Boxes 7 and 8. 
Surface water respiration was also within the range of the measured rates from 2008 for Boxes 5 
and 6, and within the lower range for Boxes 7 and 8. Bottom water respiration rates, and shoal 
and deep channel sediment respiration rates were all within the range of the 2008 metabolic 
experiments, with an absolute error of 0.09, 0.09, and 0.04 g C m"2 d '1, respectively.
Additionally, deep channel sediment respiration rates overlapped the range reported by Cowan 
and Boynton (1996) for the lower Chesapeake Bay. Additional details related to model 
calibration and skill assessment can be found in Lake and Brush {in prep).
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Climate Simulations
An initial model simulation was conducted under current conditions (CC) between January 
2007 and December 2010 to use as a baseline comparison for all subsequent climate simulations. 
A range of potential warming conditions (1, 2, 3 and 5 °C) were then simulated, rather than 
specific model projections, in an effort to capture the ecological changes across this range of 
potential scenarios. This range brackets multi-model climate projections for the Mid-Atlantic 
under enhanced greenhouse gas concentrations, up to the end of the century (Najjar et al. 2009). 
Predicted YRE response to a warming climate was quantified as changes in phytoplankton NPP, 
NEM, and the frequency and extent o f hypoxia for each box.
Once the effect of warmer climate conditions was quantified, model runs were conducted 
to determine how future reductions in nutrient and organic matter loading from the tributaries, 
surrounding watersheds, and Chesapeake Bay would influence the development o f hypoxia 
under a warming climate. Simulations focused on decreasing these sources by 5, 10, 15, 25, and 
50 % relative to current conditions and were conducted over the same range o f temperature 
increases as above (1, 2, 3, and 5 °C). Rates and concentrations from the four year simulations 
were averaged to account for interannual variability.
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RESULTS 
Linkage Between Air and Water Temperature
Surface water temperatures in the polyhaline Chesapeake Bay were found to be strongly 
correlated with regional monthly average air temperatures (Fig. 3 a). On average a 1 °C increase 
in air temperature resulted in a greater than 1 °C increase in surface water temperatures. 
Chesapeake Bay bottom water temperatures were also found to be tightly coupled to regional air 
temperatures (Fig. 3b). However, bottom water measurements made between 1984 and 2012 
increased on average slightly less than a corresponding increase in air temperatures during this 
period. Surface water temperatures along the entire axis o f the YRE including the lower 
Mattaponi and Pamunkey Rivers increased linearly with regional air temperatures (near or 
slightly above a 1:1 ratio) from 1984 to 2012 (Fig. 3c). Similarly, YRE bottom water 
temperatures for Boxes 1 - 3  and 4 - 8  from 1984 to 2012 exhibited close to a 1:1 
correspondence with monthly air temperature (Fig. 3d). These close relationships between air 
and water temperatures confirm that our model scenarios (+ 1, 2, 3, and 5 °C) should bracket the 
range of realistic changes based on the projections for air temperature by Najjar et al. (2009).
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Changes in Primary Production and Net Ecosystem Metabolism
Rates of phytoplankton NPP were predicted to increase at all sites during winter months 
(December -  February), and in the tributaries and low mesohaline Box 3 during spring (March -  
May) under all elevated temperature scenarios (Fig 4 a,b). Modeled primary production in 
spring in most meso- and polyhaline boxes (3 -  8) increased initially under warmer temperatures, 
however these increases were not as large in the warmest scenario (+5 °C) and in some cases the 
rates actually decreased relative to current conditions (Fig 4 b). This up-estuary versus down- 
estuary difference was more pronounced in the summer (June -  August) and fall (September -  
November), as modeled phytoplankton NPP in Boxes 1 - 3  increased with increasing 
temperatures, while rates in all downstream boxes decreased under warmer conditions (Fig 4 
c,d).
Rates of NEM in general followed a similar up-estuary versus down-estuary pattern.
During winter months NEM was predicted to increase under warmer temperatures, becoming 
increasingly net autotrophic with increasing temperatures in Boxes 1 - 5 ,  while NEM in Boxes 6 
-  8 decreased (Fig. 5 a). These percent reductions in NEM do not necessarily indicate that NEM 
became heterotrophic. This was the case during limited time periods in some boxes, but on a 
seasonal basis the effect of warming in these boxes was to reduce the degree of autotrophy rather 
than change the metabolic status. During the spring and fall, Boxes 1 -  3 continued to have 
higher rates of NEM under warmer temperatures (Fig 5 b,d). During both seasons, NEM in 
mesohaline Boxes 4 and 5 initially increased with temperature, but rates began to decrease under 
warmer simulations until they were the same or below current conditions. In the polyhaline 
region, spring and fall NEM generally decreased with increasing temperature. Summer rates of 
NEM increased in Boxes 1 -  3, as they did during all four seasons (Fig. 5 c). However, the
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meso- and polyhaline boxes in general had lower NEM values with increasing temperatures 
throughout the summer. Again, these decreases in NEM reflect less autotrophy rather than a flip 
to heterotrophy.
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Effect of a Warmer Climate on Hypoxia
Increasing temperatures resulted in an increase in the predicted number o f hypoxic (< 2 mg 
L‘!) and low oxygen (< 3 mg L*1) days in the upper and lower YRE, although there were limited 
or no changes mid-estuary (Boxes 3 - 5 )  (Fig. 6 a,b). However, the effect o f warmer 
temperatures was not equal in the upper and lower estuary. The two tributary boxes (1 and 2) 
displayed a fairly monotonic increase in the number o f both hypoxic and low oxygen days with 
increasing temperatures, approximately 1 day for every 1 °C increase in temperature (Fig 6 a,b). 
The number of hypoxic days in the polyhaline region (Boxes 7 and 8) increased at a faster rate 
than in the oligo- and mesohaline regions upstream (Fig. 6 a). Hypoxia in Box 7 increased by 
approximately 3 days for each 1 °C increase, for the + 1 to + 3 °C simulations, but only increased 
another 3 days with an additional two degree increase (+ 5 °C simulation). Within Box 8, the 
number of hypoxic days increased more exponentially with increasing temperatures, with a 1, 2, 
5, and 12 day increase across the scenarios. A similar response was found for the number o f 
days below 3 mg L '1, in the tributaries and polyhaline YRE (Fig. 6 b). Additionally, the + 3 and 
+ 5 °C simulations predicted the occurrence of low oxygen conditions (< 3 mg L '1) in mesohaline 
Boxes 4 and 5, which under baseline model simulations currently do not develop.
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Load Reduction Scenarios
Reduction of nutrients and organic matter entering from both the tributaries and smaller 
adjacent watersheds surrounding the YRE resulted in a reduction in the number o f predicted 
hypoxic days in both tributary boxes, under all warming scenarios (Fig 7 a-d). However, the 
amount o f reductions necessary to offset the effect o f warmer temperatures was different for each 
tributary box. Tributary and watershed reductions were enough to eliminate hypoxia in Box 1 up 
to + 5 °C, although higher temperature simulations required up to a 50% reduction o f all sources. 
In Box 2 however, it was not possible to eliminate hypoxia without decreasing these sources by 
more than 50% after a + 2 °C increase in temperatures. The downstream effect o f tributary and 
watershed load reductions was diminished, resulting in comparatively little improvement in 
hypoxia (Fig. 7).
Simulated reductions in nutrients, phytoplankton biomass, and organic matter (DOC and 
POC) entering from the lower CB resulted in the largest improvement in hypoxic days in the 
high mesohaline and polyhaline regions (Fig. 8 a-d). Warmer temperature simulations o f + 1 °C 
and + 2 °C increased the number of hypoxic days by 2 and 6 in Box 7, and 1 and 3 in Box 8 
under current loads. Reducing Chesapeake Bay inputs by 5 and 10%, respectively, was enough 
to offset this temperature-induced increase in hypoxia. However, to mitigate the development of 
hypoxia completely in the meso- and polyhaline YRE these reductions would need to be greater 
than 25%. A + 3 and + 5 °C increase in temperature would require a 15 % and 25% reduction to 
offset the increase in hypoxic days, respectively, while offsetting an increase o f + 3 °C or more 
would require up to a 50% reduction.
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DISCUSSION 
Linkage Between Air and Water Temperature
Surface water temperatures in both the polyhaline Chesapeake Bay and the YRE were 
strongly correlated with regional monthly average air temperatures, and on average increased 
approximately 1 °C for every 1 °C increase in air temperature (Fig. 3 a,d). While Chesapeake 
Bay bottom water temperatures between 1984 and 2012 on average increased slightly less than a 
corresponding increase in air temperature, measurements from the bottom of the YRE increased 
at a rate similar to the monthly average air temperatures. This analysis confirms that regional 
atmospheric temperatures can be used to estimate surface and bottom water temperatures in the 
YRE at approximately a 1:1 ratio, at least within the range of recent atmospheric conditions, as 
suggested by Najjar et al. (2010). Given this 1:1 correspondence, the range of potential 
temperature scenarios utilized in this study (+ 1 to + 5 °C) bracket the range of atmospheric 
predictions for this region (Najjar et al. 2009). However we note that future climate change may 
alter the linkage between air and water temperatures due to a number of potential feedbacks 
including increased density stratification isolating the bottom water earlier in the year and higher 
rates o f estuarine circulation advecting relatively cooler coastal ocean water into the bottom of 
the Bay and subsequently into the tributary estuaries. Nevertheless, we have chosen to utilize 
these currently strong positive correlations in our climate scenarios until more detailed 
relationships are developed with hydrodynamic models.
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Predicted Ecosystem Function Under a Warmer Climate
Model simulations of phytoplankton NPP displayed two distinct seasonal patterns under 
warmer temperatures. First, production was predicted to increase during the winter and spring 
months throughout most of the estuary (Fig. 4 a,b). This increase in winter-spring production 
was not only a response of temperature-dependent production rates, but also higher 
phytoplankton biomass and increased respiratory rates that led to higher surface water nutrient 
concentrations through remineralization of labile organic matter. Secondly, the up-estuary 
region (Boxes 1 - 3 )  displayed an increasing response of phytoplankton NPP with increasing 
temperature during the summer and fall, while rates of production in the down-estuary boxes (4 -  
8) decreased with increasing temperatures (Fig. 4 c,d). These responses suggest the potential for 
dynamic changes in the timing and community composition of future phytoplankton blooms as 
in Narragansett Bay (Oviatt 2004; Nixon et al. 2009), as well as transfer o f this fixed organic 
matter to adjacent regions of the YRE and to higher trophic levels, as highlighted below.
Modeled phytoplankton NPP during the spring generally increased for all boxes during 
March and April under increasing temperatures (data not shown). However, model simulations 
indicated a temporal shift of maximum spring phytoplankton NPP when temperatures were 
raised above + 1 °C, whereas rates generally increase in March and April, but begin to decrease 
in May above this temperature scenario. This response is likely a result o f increasing production 
earlier in the spring due to warmer temperatures, and a negative feedback in May as warmer 
temperatures increase respiration rates as well as heterotrophic consumption. Zooplankton 
grazing, while not directly accounted for in the model, could potentially be important in 
terminating the spring bloom under warmer climate conditions, as warmer winter temperatures 
will likely allow these species to grow faster and reproduce earlier in the season (Oviatt 2004).
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Warmer winter temperatures could have an even more complex effect on top-down predation, as 
species that are normally relatively inactive during cooler winters will instead remain active 
preying on eggs and larvae, or as warmer water species are capable o f extending their range and 
seasonal distribution (Sullivan et al. 2001; Oviatt 2004; Doney et al. 2012).
During the summer and fall, simulated phytoplankton NPP increased in the up-estuary 
boxes ( 1 - 3 )  during all months, although this effect was greater during the summer. In most of 
the meso- and polyhaline regions (Boxes 4 - 8 )  this trend was reversed, with lower production 
with increasing temperature. It should be noted that during the warmest temperature simulations, 
phytoplankton production during the summer in Boxes 6 - 8  decreased by more than 20% and 
30% during the + 3 and + 5 °C simulations, respectively. This reduction in phytoplankton NPP 
was most likely a result o f lower seasonal phytoplankton biomass in Boxes 4 - 8, as indicated by 
modeled chlorophyll-a concentrations. WC Chl-a during the summer in the + 5 °C simulation, 
specifically July and August, was approximately half of the modeled concentrations under the 
CC simulation. Similar decreases occurred during the fall when rates were relatively lower.
Model simulations suggest that relatively more organic material will be fixed into 
phytoplankton biomass in the up-estuary region of the YRE and subsequently advected down- 
estuary under warmer temperatures, while less phytoplankton biomass will be produced in the 
lower YRE. The water column and benthic communities in both of these regions will likely be 
affected by this change in phytoplankton primary production. Warmer mean winter temperatures 
have been directly correlated with lower mean monthly phytoplankton bloom biomass in other 
coastal systems (Oviatt et al. 2002), potentially supplying less organic matter to higher trophic 
levels, specifically benthic detritivores that rely on organic carbon deposited during intense 
blooms (Nixon et al. 2009). Indeed, phytoplankton primary production appears to be tightly
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linked to macrobenthic biomass in cross-system comparisons (Herman et al. 1999; Hagy 2002; 
Kemp et al. 2005). Additionally, changes in phytoplankton bloom communities to smaller, less- 
nutritious species has been suggested as a factor reducing bivalve growth and reproductive rates 
(Tracey et al. 1988). The ecological significance of changes in phytoplankton dynamics can be 
wide-reaching, as illustrated in Narragansett Bay where the transition from annual winter-spring 
blooms to more ephemeral and less intense summer-autumn blooms has resulted in a reduction 
of organic matter reaching the benthos, subsequently reducing rates of benthic metabolism and 
nutrient regeneration and ultimately turning the sediments from a net nitrogen sink into a source 
of fixed nitrogen (Fulweiler et al. 2007; Nixon et al. 2009).
Combining these predicted changes in water column production with model predictions of 
MPB production and water column and benthic respiration further illustrates the region-specific 
responses characteristic o f this system (Lake and Brush in prep). Throughout all four seasons, 
increasing rates of primary production (both water column and benthic) offset the increasing 
rates of respiration in Boxes 1 - 3, resulting in an increase in NEM (Fig. 5 a-d). However, there 
were periods of the year, particularly May and September when this region had lower NEM than 
under current conditions (data not shown). Overall, the model indicated that increasing 
temperatures in this region will drive this part of the estuary to become more net autotrophic, 
supplying additional labile organic matter to the rest o f the estuary and potentially the lower 
Chesapeake Bay. The biogeochemical processing o f this additional organic material under 
warmer summer temperatures will act to fuel oxygen consumption in the mesohaline portion of 
the estuary, which does not presently experience hypoxia.
During the spring, mesohaline Boxes 4 and 5 displayed month to month variation in 
simulated NEM, with changes over current conditions resulting from increased primary
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production within these boxes, elevated rates o f respiration, and the advection of labile organic 
matter from both up-estuary boxes and Chesapeake Bay. The latter has been shown to be an 
important source o f organic material leading to reduced oxygen concentrations in this system 
(Lake and Brush in prep). Predicted NEM in this region of the estuary decreased in the summer 
due to decreasing phytoplankton NPP and increasing respiration rates with warming 
temperatures (Fig. 4 c). Rates remained relatively constant with increasing temperatures 
throughout the fall (Fig. 5 d), however rates during September generally decreased with 
increasing temperature.
While phytoplankton NPP during the winter months were predicted to increase in the 
polyhaline YRE (Boxes 7 and 8), the relatively higher rates o f predicted respiration were more 
than enough to offset this increase in production under warmer temperature simulations (Fig. 5a). 
This trend of decreasing NEM with increasing temperatures was fairly consistent for Boxes 6 - 8  
throughout the spring, summer, and fall (Fig. 5 b-d). This is likely due to four factors: generally 
lower rates of phytoplankton NPP (Fig. 4 b-d), relatively lower surface area to volume ratios 
within this region due to a deeper channel, higher rates of organic matter loading from up-estuary 
and the lower Chesapeake Bay, and the resulting higher rates o f water column and sediment 
respiration with increasing temperatures. This ecosystem shift in NEM in the lower estuary 
reinforces predictions from other recent studies indicating that heterotrophic metabolism is more 
sensitive to changing temperatures than autotrophic production (Lopez-Urrutia et al. 2006; 
O’Connor et al. 2009).
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Effect of Warmer Temperatures on Hypoxia
Warmer temperatures were predicted to increase not only the number o f low oxygen days, 
but also the spatial extent of low oxygen in the YRE (Fig. 6 a,b). The effect o f warming in the 
lower Mattaponi and Pamunkey Rivers was relatively monotonic, with a one day increase in 
hypoxia for each 1 °C increase in temperature, up to + 5 °C. The development o f low dissolved 
oxygen in this region appeared to be a result o f high inputs of watershed-derived organic matter 
and warmer temperatures driving higher metabolic rates, combined with elevated phytoplankton 
biomass and NPP during the spring and early summer (April -  June), which is when the model 
predicted the development o f low oxygen and hypoxia in the bottom water. A portion of this 
additional biomass is probably respired within the tributaries, reducing dissolved oxygen 
concentrations, before this labile organic matter is flushed downstream. While this study did not 
focus on physical factors that may influence this process, it is likely that strong tidal and wind 
mixing, along with high river discharge may alter this relationship as the surface and bottom 
water are mixed more thoroughly, or as material is flushed out o f the region more quickly.
The low mesohaline YRE did not reach hypoxic conditions during any of the warming 
simulations. This is probably due in part to the extensive shoals, higher surface area to volume 
ratio, and relatively shallow depths in this region, which make it subject to strong mixing by 
winds. However, the greatest temperature increases (+ 3 and + 5 °C) were enough to produce 
low oxygen conditions in Box 4. The high mesohaline region of the estuary was a transition 
zone where hypoxia developed in Box 6 under warmer temperature scenarios; however, oxygen 
concentrations in Box 5 remained above 2 mg L '1 throughout all simulations (Fig 6 a). Both 
regions did have an increase in the predicted number of low oxygen (< 3 mg L '1) days with 
increasing temperatures (Fig 6 b).
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The polyhaline boxes (7 and 8) represent the most susceptible region to hypoxia under 
current conditions, as well as warmer climate conditions (Fig. 6 a,b). This is due in part to a 
variety o f factors. First, this region is directly influenced by advection of labile organic matter 
from the lower mainstem Chesapeake Bay, which has been shown to contribute significantly to 
decreasing oxygen concentrations in this region (Lake and Brush in prep). Secondly, under 
warmer temperatures, heterotrophic respiration was predicted to increase faster than autotrophic 
production, resulting in greater consumption of this labile organic material and consequent 
reductions in oxygen concentrations. Third, warmer water temperatures contain less oxygen per 
volume than corresponding cooler waters, based on oxygen solubility. Finally, model 
simulations of phytoplankton NPP indicate that this region will have lower rates o f primary 
production under warmer temperatures (Fig 4 b-d), reducing the production of oxygen in surface 
waters.
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Management Scenarios Under a Warmer Climate
Previous model simulations under current conditions indicated that reducing nutrient and 
organic matter loading from the tributaries and surrounding watersheds would result in the 
largest improvements in dissolved oxygen within Boxes 1 -  3 (Lake and Brush in prep). While 
reducing watershed loads again resulted in improvements in these boxes at a given temperature, 
in many cases the resulting number o f annual hypoxic days under elevated temperatures was still 
greater than under current conditions (Fig. 7 a-d). This finding indicates that greater tributary 
and watershed load reductions will be required to offset hypoxia in this region of the YRE under 
a warmer climate, compared to reductions that would be required under current climate 
conditions (Fig. 9 a-d).
Previous simulations also indicated that the development of hypoxia in the polyhaline YRE 
is strongly influenced by the supply o f nutrient- and organic-rich water advected from the lower 
Chesapeake Bay via estuarine circulation (Lake and Brush in prep). As above, reductions in 
these inputs at a given temperature resulted in an improvement in hypoxia; however the resulting 
number of annual hypoxic days under warmer temperatures was in many cases greater than 
under current conditions (Fig. 8 a-d). This is particularly evident in the CB reduction scenarios 
under + 3 and + 5 °C temperature increases. Even if  concentrations o f nutrients, phytoplankton 
biomass, and organic matter (DOC and POC) entering from the CB are reduced to 75% of their 
current concentrations, the model simulations indicated that the YRE would still develop 
hypoxia in the lower estuary with a 2 °C increase in temperature, which is projected to occur 
between 2040 -  2069 (Najjar et al 2009). This finding again demonstrates that greater load 
reductions will be required to offset hypoxia under a warmer climate compared to reductions 
required under current climate conditions (Fig. 9 a-d).
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Future Climate Change
While this analysis focused solely on the effect o f increased temperature on ecosystem 
function and hypoxia, it is important to note that these changes will be confounded by regional 
changes in precipitation, which ultimately control the input of nitrogen, phosphorous, sediments, 
and organic carbon from the surrounding watershed. Seasonal changes in precipitation and 
evaporation have the potential to alter the temporal and spatial extent of water column 
stratification and hypoxia. Kemp et al. (2005) illustrated the tightly-coupled relationship 
between higher river flow (January to May) from the Susquehanna River and the volume of 
hypoxia and anoxia in the mainstem Chesapeake Bay. Future climate model predictions indicate 
that precipitation for the Chesapeake Bay watershed could increase annually by 3, 7, and 9 % 
above the 1971-2000 period between 2010-2039, 2040-2069, and 2070-2099, respectively 
(Najjar et al. 2009). While the seasonal timing o f this increase in precipitation will determine 
how this additional freshwater will contribute to hypoxia in the Bay and its tributaries, it will 
likely lead to greater stratification, increase watershed loading of nutrients and organic matter, 
and enhance estuarine circulation, thereby advecting more organic matter into the tributaries. 
These factors will likely fuel greater production and higher respiration rates, contributing to 
increases in the frequency, severity, and spatial extent o f hypoxia. Wind forcing has also been 
identified as an important mechanism influencing hypoxia in the Chesapeake Bay (Scully 2010); 
if summertime winds increase as a result o f climate change (due to increasing storm activity or 
regional atmospheric patterns) this direct physical mixing of the system could act to counteract 
other climatic effects driving hypoxia such as elevated temperatures. Additional climate related 
changes may also affect ecosystem function and hypoxia including atmospheric composition (in 
particular CO2 concentrations), elevated sea level rise, increased storminess, changes in
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planktonic community composition, and loss o f important habitat (e.g., seagrass and marshes) 
(Najjar et al. 2010; Doney et al. 2012). We still lack a complete understanding o f how all these 
complex climatic changes will interact with ongoing watershed load reductions to shape 
estuarine responses. Developing this understanding will require additional studies focused on 
both individual stressors as well as multiple factors acting in combination.
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CONCLUSIONS
Model simulations suggest that water column primary production will respond positively to 
climate warming in the winter and spring throughout most o f the YRE, while decreasing in the 
summer and fall within the high mesohaline and polyhaline regions. These changes in primary 
production, along with increasing rates o f water column and sediment respiration, were predicted 
to drive the YRE tributaries and portions o f the low mesohaline YRE to become more 
autotrophic, presumably due to increased rates of nutrient cycling. However, NEM was 
predicted to decrease during the spring, summer and fall throughout the rest o f the estuary due to 
decreased productivity and increased respiration. These changes combined with decreased 
oxygen solubility at warmer temperatures resulted in marked increases in the predicted duration 
and spatial extent of bottom water hypoxia (< 2 mg L '1), with the tributaries experiencing a 
relatively monotonic increase in the number of hypoxic days during the late spring and early 
summer. Low oxygen conditions in the polyhaline region, which is currently the most 
susceptible region to hypoxia, were predicted to increase more rapidly with increasing 
temperatures.
Results confirm those of Lake et al. (in prep) that a multifaceted management strategy is 
needed, in which watershed reductions are required to improve hypoxic conditions in the upper 
estuary (Boxes 1 - 4 )  while Chesapeake Bay reductions are necessary to limit the development 
of hypoxia in the lower estuary (Boxes 5 -  8). However, model simulations suggest that climatic 
warming will require additional load reductions beyond those required to mitigate hypoxia in the 
absence of warming. These reductions may need to be significant, and will likely be 
complicated by losses of wetlands and buffer zones with continued development o f the 
watershed and projected sea level rise. While these findings highlight the potential effect o f
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increasing temperatures on water column primary production, NEM, and hypoxia, these changes 
will be confounded by other direct and indirect effects of climate change and additional 
modeling studies are needed to predict the interactive effects of these climatic changes.
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CHAPTER 3 - FIGURES
Figure 3-1. Map of the York River estuary and the Chesapeake Bay (insert), including box 
model boundaries, small ungauged watersheds, and corresponding long-term Chesapeake Bay 
Program (bulls eyes) monitoring stations. Boxes 1 and 2 are located within the lower Mattaponi 
and Pamunkey Rivers, respectively. Boxes 3 and 4 are located in the low mesohaline, while 
Boxes 5 and 6 are located in the high mesohaline, and Boxes 7 and 8 are in the polyhaline 
portion of the estuary.
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Figure 3-2. Diagram of the intermediate-complexity eutrophication model. State variables, 
major flows (with arrows), and major connections (without arrows) are depicted. Flows that 
consume material (e.g. nutrient uptake, oxygen consumption, loss o f biomass) are shown with 
solid lines. Flows which produce material (e.g. remineralization, photosynthetic oxygen 
production) are shown with broken lines. Red lines and symbols highlight variables (and rates) 
that are temperature dependent. To reduce the complexity o f the figure, all respiratory demands 
are shown as being integrated into an estimate of total pelagic respiration (RwcX which draws 
from the oxygen pool and remineralizes N and P. WS = watershed, AT = atmospheric. All other 
terms are defined in the text. Symbols are those of Odum (1994). Adapted from Brush and 
Nixon (in review) and Lake and Brush (in prep).
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Figure 3-3. Polyhaline Chesapeake Bay (a) surface and (b) bottom water temperatures (CBP) 
plotted against mean monthly air temperatures measured at Norfolk International Airport, 
between 1949 -  1982 and 1984 -  2012. York River estuary (c) surface and (d) bottom water 
temperatures at CBP sites located in Boxes 1 -  3 and 4 - 8  from 1984 to 2012, plotted against 
mean monthly air temperatures measured at Norfolk International Airport.
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Figure 3-4. Modeled percent change in daytime water column net primary production relative to 
the baseline model simulation under a series of scenarios with increasing temperatures. Results 
were averaged over a four year simulation.
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Figure 3-5. Modeled percent change in net ecosystem metabolism (NEM) relative to the baseline 
model simulation, under a series of scenarios with increasing temperatures. Results were 
averaged over a four year simulation.
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Figure 3-6. Predicted annual number of hypoxic (< 2 mg L '1) and low oxygen days (< 3 mg L"1) 
within each model box under a range of temperature scenarios. Values represent the average 
number of days over a four year simulation.
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Figure 3-7. Predicted annual number o f hypoxic (< 2 mg L '1) days within each model box under 
various scenarios in which nutrient and organic matter (dissolved and particulate) loads from the 
tributaries and ungauged watersheds were reduced. Scenarios were run under current conditions 
(CC) and load reductions (0.5x, 0.75x, 0.85x, 0.90x, 0.95x, and l.Ox) under increasing 
temperatures of: (a) + 1, (b) + 2, (c) + 3, and (d) + 5 °C. Values represent the average number 
of days over a four year simulation.
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Figure 3-8. Predicted annual number of hypoxic (< 2mg L '1) days within each model box under 
various scenarios in which nutrients, phytoplankton biomass, and organic matter (dissolved and 
particulate) loads from Chesapeake Bay were reduced. Scenarios were run under current 
conditions (CC) and load reductions (0.5x, 0.75x, 0.85x, 0.90x, 0.95x, and l.Ox) under increasing 
temperatures of: (a) + 1, (b) + 2, (c) + 3, and (d) + 5 °C. Values represent the average number 
o f days over a four year simulation.
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Figure 3-9. Predicted annual number of hypoxic (< 2mg L '1) days within the upper (Boxes 1 - 4  
combined) and lower (Boxes 5 - 8  combined) York River estuary, under a range of temperature 
warming scenarios (+ 1, + 2, + 3, and + 5 °C) and external load reductions, (a, c) Effect of 
nutrient and organic matter reduction scenarios from the tributaries and ungauged watersheds in 
the (a) upper and (c) lower estuary, (b, d) Effect of nutrient, phytoplankton biomass, and organic 
matter reduction scenarios in the (b) upper and (d) lower estuary. Values represent the average 
number o f hypoxic days over a four year simulation. Source reductions were run under current 
conditions (CC) as well as 5%, 10%, 15%, 25%, and 50% reductions (0.95x, 0.90x, 0.85x, 0.75x, 
and 0.50x, respectively).
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ABSTRACT
In many coastal marine ecosystems, microphytobenthos (MPB) can contribute a significant 
fraction of total system primary production, particularly in shallow lagoons or systems with 
broad photic shoals. While the role o f MPB has been quantified in several shallow systems 
around the world, their contribution to primary production on the extensive shoals that line a 
number of deeper estuaries has often been overlooked. We assessed the contribution of MPB to 
total primary production within four regions of upper Narragansett Bay, RI, USA to quantify the 
significance of benthic production on the extensive shallow shoals that line this relatively deep 
estuarine system. Our results indicate that surface sediment chlorophyll-a concentrations and 
daily benthic gross primary production rates in shallow portions o f upper Narragansett Bay are 
within the range of previous studies conducted along the northeastern U.S. coast. Despite these 
high rates, our results when scaled to the system level emphasize the importance of 
phytoplankton production in most of the upper bay under current conditions, although MPB were 
found to contribute a significant fraction (up to one third) o f total primary production in certain 
regions at certain times. Despite the high rates o f benthic gross primary production in some 
portions of the upper bay, the benthos remained net heterotrophic throughout the spring, summer, 
and fall at most sites, although production within the Greenwich Bay sub-estuary was enough to 
drive the benthos slightly net autotrophic for short periods in the fall. While the current role of 
MPB appears to be limited in terms o f its overall contribution to total gross primary production, 
the importance of MPB in the future may increase due to changing climate and reductions in 
anthropogenic nutrient loading.
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INTRODUCTION
Previous primary production studies conducted in Narragansett Bay have focused solely on 
the importance of water column phytoplankton production (Vargo 1979; Oviatt et al. 1981;
Oviatt et al. 2002; Oviatt 2008). This is due in large part to the long-standing view that 
Narragansett Bay is a relatively deep system that has been supported historically by a large 
winter-spring diatom bloom, in addition to smaller summer time blooms, that sustain a 
heterotrophic and light limited benthos (Oviatt et al. 2002). In recent years microphytobenthos 
(MPB) in mid-Atlantic U.S. systems have been shown to contribute significantly to total system 
primary production throughout the year (McGlathery et al. 2001; Tyler et al. 2003). This work 
has provided additional insight into the ecological importance o f MPB including their ability to 
work as a sediment cap, retaining nutrients in the sediment and preventing their release to the 
overlying water column (Underwood and Kromkamp 1999; Anderson et al. 2003; Tyler et al. 
2003). The role of microphytobenthos in systems along the Northeastern U.S. coast, however, 
has not been as extensively examined to determine their quantitative importance in carbon 
production.
Although a large portion of the bottom of Narragansett Bay lies below the photic zone, 
there is a significant portion that may receive sufficient light for supporting benthic production, 
including portions of the Providence River estuary and smaller sub-embayments that surround 
the bay proper. These shallower regions were historically sites o f extensive eelgrass (Zostera 
marina) beds (Deacutis 2008; Nixon et al. 2008). However, a number of factors including 
increased anthropogenic nutrient loading, changes in land use, increasing regional population 
densities, and warmer annual water temperatures have been linked to the almost complete loss of 
eelgrass beds throughout the bay (Deacutis 2008; Nixon et al. 2008). Benthic macroalgae have
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received increasing attention throughout the bay over the last 1 5 - 2 0  years due to the extensive 
growth and accumulation of nuisance species in portions o f some shallow embayments within 
upper Narragansett Bay; these localized blooms have been shown to end in late summer die-offs 
that can lead to severe hypoxia and anoxia (Deacutis 2008; Oviatt 2008). Although numerous 
anthropogenic, and possibly larger climatic changes, have severely limited the ability o f vascular 
plants to grow in the upper bay, the growth and accumulation of macroalgae within portions of 
the upper bay suggests that enough light reaches the shallow sediment surface to sustain 
relatively high rates o f benthic primary production.
Regionally, there has not been much effort to evaluate the potential importance of 
microphytobenthos within larger estuarine systems along the coast o f New England. There have, 
however, been a number o f smaller studies focused on small embayments and salt ponds 
conducted over the past few decades. One of the earliest accounts o f benthic primary production 
in southern New England was conducted by Marshall et al. (1971) in four small estuaries along 
the coasts of Connecticut and Rhode Island in 1969. Their experimental work indicated high
•y
levels of sediment chlorophyll-a in excess o f 100 mg m' in the top 7.5 mm, with extremely high 
variability from site to site. Using midday observations to predict mean daily gross benthic
9 1 9 1primary production they calculated rates of 198 mg C m' day' , 431 m g C m '  day' , and 187 mg 
C m'2 day'1 for March-May, June-August, and September-November, respectively. Nowicki and
2 iNixon (1985) reported gross benthic daytime production of 150 g C m' yr' with mean
-y
chlorophyll-a concentrations of 170 and 150 mg m' for muddy and sandy sediment, 
respectively, in Potters Pond, a shallow coastal lagoon located near the mouth of Narragansett 
Bay.
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Within Massachusetts there have been a number o f studies examining the role o f MPB in 
nutrient enrichment experiments conducted in small estuarine and tidal marsh systems. Van 
Roalte et al. (1976) examined epibenthic algae in the Great Sippewissett Marsh and noted 
seasonal patterns in benthic production with peaks in the spring o f up to 115 mg C m'2 day'1 and 
in the fall of up to 60 mg C m'2 day'1 with lower summer and winter production rates. Observed 
rates of benthic production were as high or higher than phytoplankton production in this study on 
an annual basis. More recently, Tobias et al. (2003) found sediment chlorophyll-a 
concentrations in the Rowley River channel (MA) between 120 -  300 mg m'2, and 240 -  300 mg
■j
m' in the adjacent mud flats. Lever and Valiela (2005) found mean sediment chlorophyll-a
•y
concentrations between 57 and 109 mg m' in three Waquoit Bay (MA) estuarine systems and 
determined that nutrient availability limited benthic biomass within all three systems.
While these studies point to high biomass and productivity of microphytobentos in shallow 
systems throughout southern New England, the importance of MPB on the shallow shoals o f 
larger, deeper estuarine systems such as Narragansett Bay remains unclear. Chinman and Nixon 
(1985) calculated that nearly 85% of the bay’s sediment surface lies deeper than 2 meters, 
relative to mean low water (MLW). While portions o f upper Narragansett Bay exhibit similar 
depth profiles, the Providence River estuary and Greenwich Bay represent two relatively shallow 
sub-basins with 48% and 36% of the sediment surface shallower than two meters relative to 
mean sea level (MSL) (Table 1), respectively. Recent work has only further highlighted our lack 
o f knowledge surrounding the role of MPB in this system (Deacutis 2008; Nixon et al. 2009; 
Fulweiler et al. 2010). While this study does not fully describe the role of MPB within 
Narragansett Bay, we attempt to illuminate the potential contribution of MPB as a viable primary 
producer under current climate and nutrient conditions.
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METHODS 
Site Description
The Providence River estuary contains a semi-deep channel (13 -14 m) that is centered 
within the middle of the river and flanked on either side by shallow 1 - 2  meter deep shoals 
south of Fields Point to Conimicut Point (Doering et al. 1990; Asselin and Spaulding 1993) 
(Fig.l). Below Conimicut Point the surface area to volume ratio o f the bay begins to decrease 
gradually with an average depth o f 8.7 m (Nixon et al. 2009). The Bay proper has a number of 
additional small embayments including Greenwich Bay, a shallow embayment located along the 
western shoreline of upper Narragansett Bay.
We delineated five sampling regions including: the lower Providence River estuary (PRE), 
Upper Narragansett Bay (UNB), Greenwich Bay (GB), and Greenwich Cove (GC) (Fig. 1). 
Additionally a second cove site was selected in Apponaug Cove (AC) for comparison to 
Greenwich Cove. Four sites within the PRE, UNB and GB were selected, based on accessibility, 
as sediment chlorophyll-a (SED Chl-a) sampling sites. One site within each region was 
randomly selected as a SED Chl-a depth profile and photosynthesis-irradiance (P-I) sediment 
core collection site. A single SED Chl-a depth profile and P-I core collection site was selected in 
GC with a corresponding SED Chl-a sampling site in AC. Samples were collected during the 
late spring/early summer (6/02), summer (7/21) and fall (9/25) of 2010.
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Light Attenuation and Water Quality
At each site a YSI 6600 series V2 sonde was used to measure temperature, salinity, and 
dissolved oxygen at the surface (0.5 m). A LiCor LI-1400 was used to measure irradiance 
through the water column for computation of vertical attenuation coefficients; measurements 
were taken above the water surface, just below the surface (<0.1 m) and at 0.5 meter. All YSI 
and LiCor measurements were taken in triplicate.
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Sediment Chlorophyll-a Sampling and Processing
At each site three replicate samples were collected for sediment chlorophyll-a at a depth of 
1 meter below mean lower water (MLW), taking into account the daily tidal range. Four sites 
were also utilized to develop SED chl-a depth profiles within the four sampling regions (Fig. 1, 
triangles). Depth profile samples were also collected in triplicate at 0.25, 0.5 1.0, 1.5 and 2 
meters below MLW and analyzed as described below. All samples were subdivided into two 
depth fractions, 0 -  0.3 cm and 0.3 - 1 . 0  cm, transferred into sterile 15 mL BD Falcon 
polypropylene centrifuge tubes, and immediately placed in an ice filled cooler until they were 
transferred to a freezer for a maximum hold time o f one month.
Samples were extracted in 10 mL of a 90% Acetone: 10% DI water (by volume) solution, 
vortexed for 30 seconds on full power, and sonicated for an additional 30 seconds at 4-5 watts 
with a Fisher Scientific Dismembranator. After a 24-hour extraction period in the freezer, 
samples were filtered with a PALL Life Science HPLC Acrodisk (25 mm filter with a 0.45 pm 
CR-PTEE) and analyzed spectrophotometrically on a Beckman DU 800 Spectrophotometer 
before and after acidification using the equations o f Lorenzen (1967), which corrects 
chlorophyll-a for phaeophytin.
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Photosynthesis-Irradiance (P-I) and Metabolism Experiments
In order to develop shallow sediment production and respiration rates, approximately 16 
cores were sampled at each of four sites, one within each of the four regions o f upper 
Narragansett Bay (Fig. 1, triangles). Shoal sediment cores (10 light and 4 dark) were collected in 
clear acrylic tubing (height 15 cm: i.d. 4.1 cm) at 1 meter below MLW and immediately placed 
on ice. All cores were covered in black electrical tape below the sediment-water interface to 
ensure that only the sediment surface was exposed to light during the P-I experiments. Site 
water was collected at each station in blackened 4 liter Nalgene bottles and later filtered to 0.5 
pm. Cores were allowed to acclimate uncapped overnight in a gently mixed water bath filled 
with site water before incubation. Just prior to incubation, the overlying core water was 
carefully siphoned out and replaced (as not to disturb the sediment surface) with filtered seawater 
with a known dissolved oxygen concentration and sealed with polyvinylidene chloride (Saran 
Wrap), which has been shown to have low oxygen permeability (5.8 x 10'5 ml cm’2 h’1;
Pemberton et al. 1996), held in place by a tight rubber band. Ten individual cores from each site 
were incubated at field temperatures in temperature-controlled, flow-through light gradient boxes 
under a gradient o f irradiance (~50 -  1600 pE m'2 s '1) for approximately 1 . 5-2  hours. Four 
additional cores from each site were placed in a corresponding temperature controlled dark box 
for 2 - 3 hours. Final dissolved oxygen concentrations were measured with a HACH HQ 40d 
oxygen meter with HACH EDO optical probes and all cores were immediately sub-sampled for 
chlorophyll-a analysis (0-3 mm) to normalize production to biomass.
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Data Analysis and Interpolation
Net benthic production was computed from the change in dissolved oxygen concentrations 
in illuminated and darkened sediment cores. Results were used to develop a series o f 
production-irradiance (P-I) curves using Jassby and Platt’s (1976) linear hyperbolic tangent 
function in SAS® 9.2 software:
P = Pmax tanh (a l / Pmax) -  R
1 1  “7  1where production (P, mg O2 mg chi' h ' ) is dependent on irradiance (I, pE m ' sec' ) and three 
statistically determined variables, the maximum photosynthetic rate (Pmax, mg O2 mg chi'1 h '1), 
the slope of the light saturation curve (termed alpha, a , mg O2 mg chi'1 h '1 (pE m'2 s '1) '1), and the 
rate of respiration (R, mg O2 mg chi'1 h '1). A series o f three curves were developed for each site 
on each sampling date to capture a minimum, average, and maximum possible curve fit, given 
variability in production between cores at similar irradiance (Fig. 2). The estimated values 
calculated in SAS for Pmax, a , and R for each P-I curve were then linearly interpolated between 
sampling dates in MATLAB R2010b.
Sediment chlorophyll-a biomass from the depth profile sampling was combined in Vz meter 
depth segments to account for variability within each segment The results from 0.25 and 0.5 m 
were averaged and used for analysis of the 0-0.5 m depth segment, 0.5 and 1.0 were averaged for 
0.5-1.0 m, and so forth The 1.5 and 2 m values were applied to all depths below 2 meters.
These sediment chlorophyll-a values and measured attenuation coefficients were also 
interpolated between sampling dates in MATLAB R2010b.
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Hourly total solar radiation received at the Kingston, Rhode Island meteorological station 
(April - November 2010) was downloaded from the NOAA National Climate Data Center 
(www.ncdc.noaa.gov/oa/mpp/freedata.html). Total solar radiation values were reduced to 47% 
of the total, to represent the percentage of total radiation available as PAR, based on previous 
studies (Vollenweider 1974; Cole and Cloem 1987). Solar radiation was converted from Watts 
m"2 to Einsteins (E) m'2 s '1 using a mean wavelength of 550 nm.
Bathymetric sounding depths were downloaded from the NOAA National Geophysical 
Data Center (www.ngdc.noaa.gov) and interpolated using a kriging function in ESRI ArcView 
GIS 3.3, to a 50m x 50m grid with a resolution of 10 cm in the vertical. The total surface area 
within each sampling region was calculated for 0.5 m depth intervals from MSL to the bottom. 
Resulting values were very close to those of Chinman and Nixon (1985).
Gross hourly production was calculated for each region by combining the total surface area 
at each depth interval, attenuated light reaching that depth, sediment chlorophyll-a biomass, and 
interpolated values of Pmax and a. Since specific values for PQ and RQ are not available for the 
benthos of Narragansett Bay we applied a constant PQ (and RQ) o f 1 for all sites.
This process was repeated for each depth segment within each region, and then summed for 
each sampling area to estimate total gross production by MPB. These rates were then compared 
to water column 14C incubations from Oviatt et al.(2002) for the months of April to October. Net 
community metabolism for each region was calculated in the same way with the inclusion o f the 
interpolated respiration term (R).
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RESULTS
Sediment Chlorophyll-a
Microphytobenthic biomass (as sediment chlorophyll-a) varied both spatially between sites 
and with depth (Fig. 3). Sediment chlorophyll-a was relatively high at all locations on all 
sampling dates, with average concentrations of 92.2, 64.1, 98.3, and 72.6 mg m'2 within the top 3 
mm for PRE, UNB, GB, and GC/AC, respectively. Biomass was characteristically highest in 
areas shallower than 1 meter in PRE and GC, while it was highest at 1 and 1.5 meters in GB and 
UNB. The chlorophyll-a to phaeophytin ratios for PRE, UNB, and GB were generally highest at 
depths shallower than 1.5 meters and steadily decreased with depth below this point.
Conversely, the ratio at GC decreased continually with depth from the shallowest sampling point 
and was lower overall than at the other sites.
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Benthic Production
The results from the P-I experiments demonstrated varying rates of light-saturated 
productivity in PRE, UNB, and GB throughout the spring, summer, and fall. Rates were 
generally higher during the spring and fall, with depressed mid-summer rates. Sediment 
respiration rates were higher during the warmer summer months than during the spring and fall 
sampling periods. Sediment core incubations from the GC site did not show a significant 
relationship between production and irradiance during any sampling period. Due to the lack of a 
significant trend, a series of constant respiration rates were applied to GC for all sampling 
periods.
Daily gross benthic primary production (GPPb), scaled up for each region, varied 
seasonally with the highest rates occurring during the fall in PRE and GB with maximum
7 1estimated monthly rates o f 340 and 450 mg C m ' d' , respectively (Fig. 4). These two sites had 
lower minimum estimated rates during the July sampling, 6 mg C m'2 d"1 for PR and 161 mg C 
m'2 d '1 for GB. The UNB displayed a similar, but weaker, seasonal trend with maximum 
estimated monthly GPPb rates less than 50 mg C m‘ d" during the spring, summer and fall. Due 
to the lack of measurable benthic production within the incubated sediment cores from GC, an 
estimate of GPPb within this region was unavailable.
Benthic net community metabolism (NCMb) displayed strong net heterotrophy throughout 
the majority of the spring, summer, and fall within all four regions o f upper Narragansett Bay 
(Fig. 5). Average estimated monthly NCMb in the PRE decreased from -1000 mg C m'2 d '1
7 1 7 1during June t o -1300 mg C m' d' July, and then increased steadily t o -600 mg C m ' d' during 
September. NCMb in the UNB remained relatively constant throughout the spring, however 
during the summer the minimum and average estimated rates decreased during June, while the
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maximum estimated rates began to increase and continued to remain elevated into the early fall.
Minimum and average estimated rates in the UNB increased during late July and appeared to
peak in early October. NCMb in GB increased slightly during the early spring before increasing
more significantly from mid June to late August, with short (weekly) periods during the fall that
were net autotrophic based on maximum estimated rates o f production. Greenwich Cove
displayed the highest respiration rates of all four sampling sites resulting in NCMb rates during
the spring that were twice that of any other location in upper Narragansett Bay. The average
2 1estimated rates increased during the summer from -2400 mg C m' d' during May, to -1550 mg 
C m'2 d '1 in July and remained relatively constant throughout the fall.
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DISCUSSION 
Regional Comparison of Sediment Chlorophyll-a
Surface sediment chlorophyll-a concentrations in upper Narragansett Bay were found to be 
within the range of previous studies conducted in shallow water systems within this region. 
Additionally, our concentrations were similar to those of Fulweiler et al. (2010) who collected a 
limited number o f sediment chlorophyll-a samples (0-1 cm) at deeper (3m) upper bay sites.
» 'y “)They reported relatively higher concentrations m PRE and GB (78.2 mg m" and 83.6 mg m ' ) 
compared to UNB (42.4 mg m’2). Although no clear seasonal trend was apparent in our samples, 
the relatively high biomass and high chlorophyll-a to phaeophytin ratios within PRE, UNB, and 
GB indicates that microphytobenthos are not only present within this system, but are also 
potentially a viable primary producer when sufficient light reaches the sediment surface. This 
may not be the case for smaller sub-embayments, like the shallow coves surrounding Greenwich 
Bay. Although chlorophyll-a concentrations in GC were above 50 mg m‘ (0-3 mm) at the 
shallowest sampling depths (0.25 and 0.5 m), chlorophyll-a concentrations decreased continually 
with depth, and the corresponding chlorophyll-a to phaeophytin ratios indicated that the 
microalgal biomass in this region was comparatively more degraded than other sampling 
locations.
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Gross Primary Production
Daily gross benthic primary production rates from this study, averaged over each sampling 
region, ranged from the highest seasonal rates reported by Marshall et al. (1971) to the depressed 
summer and early winter rates in Van Roalte et al. (1976). In general, G PP b in PRE and GB 
were found to be higher than the other areas in upper Narragansett Bay, which is likely a result 
of expansive shallow, photic shoals (< 5m MSL) in these two basins that represent 79% and 94% 
of the sediment surface area, respectively (Table 1). Comparatively, the UNB is a deeper 
embayment that lacks expansive shallow, photic shoals. Although sediment incubations for PRE 
and UNB produced similar P-I relationships, the relatively large extent (58%) of benthos below 
the photic zone (> 5m MSL) within the UNB limits the contribution of G PP b in this region. 
Benthic production in GC appears to be limited, likely due to a number o f factors including 
degraded MPB biomass and high rates o f benthic respiration.
Seasonally G P P b varied across all sites with peak fall production in PRE, UNB, and GB 
similar to the results o f Van Roalte et al. (1976) with suppressed mid summer rates in UNB and 
GB. However, results from this study did not display a peak in spring production as seen in the 
Great Sippewisset Marsh (Van Roalte et al. 1976), which may result from a larger percentage of 
the benthos being subtidal, a more significant role of phytoplankton communities, and elevated 
suspended sediment from spring storms that likely limits light availability. The seasonal trends 
for UNB and GB contrasts with the findings of Marshall et al. (1971) and Nowicki and Nixon 
(1985), who found maximum rates of gross benthic production in the summer with lower spring 
and fall rates. However, the maximum production rates for PRE showed a peak in production 
during the summer that decreased in mid September similar to the results o f both Marshall et al. 
(1971) and Nowicki and Nixon (1985).
244
Comparison o f water column and benthic primary productivity emphasizes the importance 
of phytoplankton production within the deeper regions o f upper Narragansett Bay, particularly in 
UNB where G PP b accounted for less than 5% of total primary production (P P t) from May to
•y I
September (Fig. 4; Table 2). Although benthic production in PRE can exceed 300 mg C m ' d ' , 
these rates accounted for less than 10%  of PPt during summer when benthic production was at 
its maximum. The contribution of GPPb in GB appeared to be relatively more important than the 
other regions, particularly during the spring and fall, when GPPb accounted for 30 -  40 % of 
total production (Fig. 4; Table 2). However, the contribution of benthic production to total in the 
summer (June-August) remained at or below 20% of PPy.
This comparison is somewhat complicated by the different methods (14C vs. O2) used to 
measure primary production between our study and that o f Oviatt et al. (2002). Oviatt et al. 
(2002) reported their 2-hour 14C incubation rates as daytime net primary production (NPPwc)- A 
completely accurate comparison would require correcting our 02-based GPP rates for MPB 
respiration. Since the fraction of GPP respired by MPB is unknown and impossible to determine 
from our measurements, we have compared our GPPb rates directly to Oviatt et al.’s (2002) data 
as a maximum estimate of the contribution of MPB to total production. Accounting for MPB 
respiration would lower our estimates by an unknown but likely small amount.
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Benthic Net Community Metabolism
Despite the high rates o f gross production associated with microphytobenthos in some 
portions of upper Narragansett Bay, the benthos nevertheless was net heterotrophic throughout 
the spring, summer, and fall, with the exception of fall in GB where production may be enough 
to drive the sediments autotrophic over short periods. During the spring, elevated benthic 
community respiration drove oxygen uptake into the sediment, which resulted in N C M b rates in 
PRE, UNB, and GB between -700 and -1300 mg C m'2 d"1. This is likely a result o f 
decomposing phytoplankton blooms that frequently exceed 30 pg I'1 in upper Narragansett Bay 
during the spring (Oviatt et al. 2002). Sediment respiration rates in the PRE continued to 
increase into the summer with rising temperatures, resulting in rates that surpassed the increase 
in benthic gross primary production, and drove N C M b to the most heterotrophic rates calculated 
in this study. Similarly, the minimum and average N C M b rates for UNB during this period 
decreased as a result o f lower G PP b and increasing sediment respiration. Net community 
metabolism in GB increased steadily during the summer as a result o f decreasing sediment 
respiration rates, compared to PRE and UNB. This may be due to lower levels o f phytoplankton 
decomposition in this region compared to the other sites. During the fall sediment respiration 
decreased to the lowest observed rates for any region within upper Narragansett Bay, which 
corresponded with the highest rates o f G PP b for GB, resulting in a few short periods during 
September when N C M b approached and reached net autotrophy, based on our maximum 
estimates of production. The shallow photic sediment respiration rates from this study were 
within the range of previous studies (Nixon et al. 1990; Fulweiler et al. 2010) collected at deeper 
sites within the upper bay.
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Future Role of Microphytobenthos
Under current climate and nutrient conditions the role of MPB in upper Narragansett Bay 
appears to be limited and in many cases does not appear to offset the high rates o f benthic 
respiration occurring in the sediments. This limited role however may change with the continued 
oligotrophication o f Narragansett Bay (Nixon et al. 2009). This will likely result from both 
climate change and the implementation of advanced waste water treatment plants, thereby 
reducing summer nitrogen inputs by 30 -  40% (Nixon et al. 2008). For this study, it should be 
noted that the water column production rates utilized from Oviatt et al. (2002) were based on 
surveys and incubations from 1997 -  1998. Although various nutrient reduction strategies have 
been implemented since this study, recent 14C incubations from 2007 - 2009 indicate that water 
column production has remained unchanged (Smith 2011), despite other recent studies indicating 
a reduction in chlorophyll concentrations in the mid and lower bay (Oviatt 2004; Nixon et al. 
2008; Nixon et al. 2009). However, if the current trend of oligotrophication continues into upper 
Narragansett Bay, microphytobenthic production may become proportionately more significant 
in the future.
While benthic production can sometimes be limited by nutrient availability (Lever and 
Valiela 2005) similar to water column primary production, Narragansett Bay may exhibit a 
legacy effect due to its long history of intense fertilization (Nixon et al. 2009).
Microphytobenthic communities can take advantage of this legacy effect by utilizing high rates 
of bacterial mineralization and high pore water concentrations of dissolved nutrients, while 
working as a sediment cap, retaining nutrients in the sediment and preventing their release to the 
overlying water column (Underwood and Kromkamp 1999; Tyler et al. 2003). Additionally, a 
continued decline in phytoplankton biomass will likely increase light availability on the sediment
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surface. This increase in light availability, combined with legacy supply of nutrients from the 
sediments could align to create a positive feedback stimulating increased benthic primary 
production.
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CONCLUSIONS
Our results indicate that surface sediment chlorophyll-a concentrations and daily benthic 
gross primary production rates in the shallow portions of upper Narragansett Bay are within the 
range of previous studies conducted in shallow water systems along the coast o f southern New 
England. While the overall difference in magnitude between water column and benthic 
production further emphasizes the importance of phytoplankton production in the upper bay, 
MPB were found to contribute up to one third o f total primary production in certain areas o f the 
bay at certain times. Despite the high rates o f gross primary production associated with 
microphytobenthos in some portions of the upper bay, the benthos remains net heterotrophic 
throughout the spring, summer, and fall, with the possible exception of fall in Greenwich Bay 
where MPB may drive the sediments slightly net autotrophic over short time periods. While the 
current role of MPB appears to be limited in terms o f its overall contribution to total gross 
primary production, the importance of MPB in the future may increase due to changing climate 
and reductions in anthropogenic nutrient loads. Potential increases in MPB production will 
likely have a significant effect on the benthic communities that rely on phytoplankton and 
microphytobenthic communities as viable food sources.
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CHAPTER 4 - FIGURES
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Figure 4-1. Location of sediment chlorophyll-a depth profiles and sediment core sampling sites 
(triangles), and single depth benthic chlorophyll-a survey sites (circles) within the different 
segments o f upper Narragansett Bay. Dark grey dashed lines represent the 2 m contour line 
(below MSL) and dashed light grey lines represent the 5 m depth contour.
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Figure 4-2. PI curve displaying minimum, average, and maximum estimated curves for 
Greenwich Bay from September 2010.
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Figure 4-3. Sediment chlorophyll-a biomass (top 3 mm) with depth at four sites within upper 
Narragansett Bay.
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Figure 4-4. Interpolated 5 day moving average GPPb and daytime NPPwc (modified from 
Oviatt et al. 2002). Site numbers correspond to the bay survey station numbers from Oviatt et al. 
(2002).
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Figure 4-5. Interpolated daily NCMb within each segment o f upper Narragansett Bay.
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Table 4-1. Percent of total surface area in each sampling regions: Providence River estuary 
(PRE), upper Narragansett Bay (UNB), Greenwich Bay (GB), and Greenwich Cove (GC). 
Numbers represent the percent of surface area below each depth contour. Depths are relative to 
mean sea level (m).
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268
Depth PRE UNB GB GC
(m) (% of total area below each depth segment)
1 73 94 80 73
2 52 89 64 43
3 37 81 38 9
4 28 72 13 0
5 21 58 6 0
Table 4-2. Percent of total primary production attributed to microphytobenthos in upper 
Narragansett Bay. Values outside brackets represent the contribution from benthic production 
based on the average model, while the bracketed values represent the minimum and maximum 
models respectively. Total primary production was computed from GPPb (calculated in this 
study) and daytime NPPwc (from Oviatt et al. 2002) at 5 sites (site numbers correspond to the 
bay survey stations from Oviatt et al. 2002) in upper Narragansett Bay from April to October.
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Month PR-10 PR-11
Apr 13 (11-14) 18 (16-20)
May 5 (5-6) 8 (7-9)
June 3 (1-4) 4 (1-6)
July 5 (0-7) 5 (0-7)
Aug 4 (1-6) 5 (1-7)
Sept 6 (4-8) 9 (6-13)
Oct 17 (17-24) 23 (22-31)
UNB-9 UNB-14 GB-15
3 (0-6) 1 (0-2) 23 (22-29)
1 (0-3) 1 (0-2) 33 (31-40)
0 (0-1) 1 (0-2) 19 (18-22)
0 (0-0) 0 (0-0) 11 (H-12)
1 (1-1) 1 (1-D 14 (11-16)
1 (1-1) 2 (2-2) 26 (18-32)
3 (3-4) 13 (11-15) 37 (25-45)
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Figure A-l. Modeled daily residence time for the York River estuary (solid lines) for 2007, 
2008, 2009, and 2010 calculated by an Officer (1980) type two-layer box model. Dashed lines 
represent the calculated low, mean and high flow residence times simulated by Shen and Haas 
(2004).
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Figure A-2. Measured (large points) and modeled (lines) light attenuation (ko) for all box model 
regions. Measured ko values for Boxes 1 -  8 (a-d) were sampled by the CBP. Additional ko 
values measured by the Chesapeake Bay NERR were included for Boxes 5 -  8 (c, d).
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Figure A-3. Measured (large points) and modeled (small grey points) water column
chlorophyll-fl concentrations for the upper estuary boxes (1 -  4). Measured concentrations
sampled by the CBP.
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Figure A-4. Measured (large points) and modeled (small grey points) water column
chlorophyll-a concentrations for the lower estuary boxes (5 -  8). Measured concentrations
sampled by the CBP.
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Figure A-5. Measured (large points) and modeled (small grey points) microphytobenthos 
chlorophyll-a concentrations for the upper estuary boxes (1 -  4). Measured (1 m below mean 
low water) and modeled (0 .5 -1  m depth segment) concentrations. Microphytobenthos was not 
measured in Boxes 1 - 3 .
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Figure A-6. Measured (large points) and modeled (small grey points) microphytobenthos
chlorophyll-a concentrations for the lower estuary boxes (5 -  8). Measured (1 m below mean
low water) and modeled (0.5 -  1 m depth segment) concentrations.
283
YRE M PB Chl-a
® 150
on
E
_? 100 
xl 
U 
BQa. so 
2
200
200
( a )  B oX  5  •  Model O utput
•  YRE M PB Survey
J '
Box 6
? 100
200
Box 7
? 100
V -  • • K r  •
200
Box 8
2007 2008 2009 2010
284
Figure A-7. Measured (large points) and modeled (dashed line) microphytobenthos chlorophyll- 
a concentrations with depth for sites within Boxes 4 - 6 .  Error bars on all panels represent 
standard error.
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Figure A-8 . Measured (large points) and modeled (dashed line) microphytobenthos chlorophyll- 
a concentrations with depth for sites within Boxes 6 - 8 . Error bars on all panels represent 
standard error.
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Figure A-9. Measured (large points) and modeled (small grey points) surface layer dissolved
oxygen concentrations for the upper estuary boxes (1 -  4). Measured concentrations sampled by
the CBP.
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Figure A-10. Measured (large points) and modeled (small grey points) surface layer dissolved
oxygen concentrations for the lower estuary boxes (5 -  8). Measured concentrations sampled by
the CBP. Volume weighted dissolved oxygen concentrations sampled during the 2007 and 2008
TV l
Acrobat surveys are included as triangles on all panels.
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Figure A - l l .  Measured (large points) and modeled (small grey points) bottom layer dissolved
oxygen concentrations for the upper estuary boxes ( 1 - 4 ) .  Measured concentrations sampled by
the CBP.
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Figure A-12. Measured (large points) and modeled (small grey points) bottom layer dissolved 
oxygen concentrations for the lower estuary boxes (5 -  8 ). Measured concentrations sampled by 
the CBP. Volume weighted dissolved oxygen concentrations sampled during the 2007 and 2008 
Acrobat™ surveys are included as triangles on all panels. Dashed lines in all panels represent 
hypoxic conditions (< 2 mg L 1).
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Figure A-13. Measured (large points) and modeled (small grey points) surface layer dissolved
inorganic nitrogen concentrations for the upper estuary boxes (1 -  4). Measured concentrations
sampled by the CBP.
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Figure A-14. Measured (large points) and modeled (small grey points) surface layer dissolved
inorganic nitrogen concentrations for the lower estuary boxes (5 -  8). Measured concentrations
sampled by the CBP.
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Figure A-15. Measured (large points) and modeled (small grey points) bottom layer dissolved
inorganic nitrogen concentrations for the upper estuary boxes (1 -  4). Measured concentrations
sampled by the CBP.
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Figure A-16. Measured (large points) and modeled (small grey points) bottom layer dissolved
inorganic nitrogen concentrations for the lower estuary boxes (5 -  8). Measured concentrations
sampled by the CBP.
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Figure A-17. Measured (large points) and modeled (small grey points) surface layer dissolved
inorganic phosphorus concentrations for the upper estuary boxes (1 -  4). Measured
concentrations sampled by the CBP.
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Figure A-18. Measured (large points) and modeled (small grey points) surface layer dissolved
inorganic phosphorus concentrations for the lower estuary boxes (5 — 8). Measured
concentrations sampled by the CBP.
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Figure A-19. Measured (large points) and modeled (small grey points) bottom layer dissolved
inorganic phosphorus concentrations for the upper estuary boxes (1 -  4). Measured
concentrations sampled by the CBP.
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Figure A-20. Measured (large points) and modeled (small grey points) bottom layer dissolved
inorganic phosphorus concentrations for the lower estuary boxes (5 -  8). Measured
concentrations sampled by the CBP.
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Figure A-21. Modeled (small grey points) surface layer water column net primary production
for the upper estuary boxes ( 1 - 4 ) .
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Figure A-22. Measured (large points) and modeled (small grey points) surface layer water 
column net primary production for the lower estuary boxes (5 -  8 ). Measured rates from Lake et 
al. (in review).
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Figure A-23. Modeled (small grey points) surface layer benthic gross primary production for
the upper estuary boxes (1 -4 ) .
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Figure A-24. Measured (large points) and modeled (small grey points) surface layer benthic
gross primary production for the lower estuary boxes (5 -  8). Measured rates from Lake et al. (in
review).
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Figure A-25. Modeled (small grey points) surface layer water column respiration for the upper
estuary boxes ( 1 - 4 ) .
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Figure A-26. Measured (large points) and modeled (small grey points) surface layer water
column respiration for the lower estuary boxes (5 -  8). Measured rates from Lake et al. (in
review).
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Figure A-27. Modeled (small grey points) bottom layer water column respiration for the upper
estuary boxes ( 1 - 4 ) .
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Figure A-28. Measured (large points) and modeled (small grey points) bottom layer water
column respiration for the lower estuary boxes (5 -  8). Measured rates from Lake et al. (in
review).
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Figure A-29. Modeled (small grey points) surface layer benthic respiration for the upper estuary
boxes ( 1 - 4 ) .
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Figure A-30. Measured (large points) and modeled (small grey points) surface layer benthic
respiration for the lower estuary boxes (5 -  8). Measured rates from Lake et al. (in review).
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Figure A-31. Modeled (small grey points) bottom layer benthic respiration for the upper estuary
boxes ( 1 - 4 ) .
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Figure A-32. Measured (large points) and modeled (small grey points) bottom layer benthic
respiration for the lower estuary boxes (5 -  8). Measured rates from Lake et al. (in review).
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